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41 selectively oriented single crystals of olivine have
been deformed in high-temperature (11500 to 1600 0C), low-
stress (100 bars to 1800 bars), uniaxial, constant-load com-
pression tests. The existence of glide dislocations of
b = [1001, [0101, and 10011 only is supported by the high
resistance to plastic flow when applied stress is directed
along any of the three crystallographic axes. Flow proceeds
2 to 4 orders of magnitude faster in strain rate at orienta-
tions where the applied stress is not directed along a crystal-
lographic axis. Flow at off-axis orientations at T = 1600 0C
is accomplished through climb limited dislocation motion and
follows an empirical law of the form t = Aane-Q/RT (t is
strain rate, a is differential stress, T is the absolute
temperature, Q = 125 kcal/mole is the activation energy for
dislocation climb, A and n are constants). The stress ex-
ponent n = 3.5 to 3.7 for most orientations of the applied
stress and, significantly, the constant A varies by <101.5
among all orientations > 250 from any of the crystallographic
axes. b = [100] slip dominates at most orientations. b = [010]
is rare. Of the several glide planes observed in runs domin-
ated by b = [100] slip, the (010) plane is preferred over a
wide range of orientations.
Of the five independent strain components required by
the von Mises criterion, three are provided by intracrystal-
line glide. In the presence of b = [100] and b = [001] glide
dislocations a fourth is provided by dislocation climb, pos-
sibly in the form of Nabarro climb. In crystals oriented to
favor slip on (001)[100] and (100)[001], such climb contributes
roughly 20% of the total deformation at T = 1600*C. The nar-
row range of flow stresses for these four independent components
(< a factor of 3) suggests that polycrystalline flow is ap-
proximated bysingle crystal flow at T = 1600*C.
iii
A new technique for decorating dislocations in olivine
has allowed us to view the development r.f dislocation sub-
structures in our deformation samples. Substructure is ob-
served to change markedly in the first increments strain.
For most orientations, the structure established by e = 4%
ceases to change with increasing c at constant stress, from
which we conclude that deformation in our samples has achieved
true steady-state. Steady-state deformation in the upper mantle
at comparable stresses, if dominated by climb limited disloca-
tion motion, is expected to produce microstructures similar to
those developed in our experiments.
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Chapter I
BACKGROUND AND PURPOSE
I.A. Introduction
It is good fortune that a mass of geophysical evidence
points to the earth's upper mantle as being a peridotite body
composed primarily of the mineral olivine (Ringwood, 1969;
Birch, 1969), in light of recent feelings concerning the role
of that body as an active participant in the new global tec-
tonics. Those who have investigated the rheology of the earth's
upper mantle by deforming and examining samples of olivine-
bearing rocks in the laboratory have found olivine to be a most
cooperative mineral among geological materials: it is chemical-
ly and structurally stable over a wide range of pressures and
temperatures, it is convenient to handle in the laboratory be-
cause it is difficult to cleave but easy to grind and polish,
it is conducive to optical and electron microscope examination
for the same reasons and it suffers no apparent damage undera 100
kV electron beam, it abounds in crustal rocks in a spectrum
of compositions and textures, and, importantly, it can be made
to deform plastically in the laboratory even in polycrystalline
form.
Griggs et al. (1960) attempted to deform olivine-rich
samples at T = 800*C in a 5 kb gas apparatus but apparently
succeeded in producing only cataclastic flow. The pioneering
work on olivine deformation was done by Raleigh (1963, 1965,
1967, 1968) who demonstrated experimentally induced plastic
flow by producing in the laboratory the same intracrystalline
deformation features often found in naturally deformed olivine.
A number of investigators, referenced in this chapter, have
since taken up the study of naturally and experimentally de-
formed olivine. As a background to the present work we will
review in this chapter the experimental flow law, the mechanisms
of flow in the laboratory, and the mechanisms of flow in
natural settings. We will also review the current level of
understanding of the ultimate concern of most of the investi-
gations: rheology of the upper mantle.
I.B. Background
I.B.l. Chemistry and Crystallography
Olivine (Mg,Fe)2SiO 4 occurring in tectonically interesting
areas, such as the earth's mantle (Birch, 1969) and massive
crustal intrusives (alpine peridotites), and in volcanic or
kimberlite pipe xenoliths falls in the compositional range
Fo where Fol00 , forsterite, is the magnesium-rich end mem-85-95
ber of the solid solution series. The olivine lattice is ortho-
rhombic with unit cell dimensions (Fo90 ) of 4.8A, 10.2A, and
0
6.OA along the [100], [0101, and [001] directions, respectively.
The solidus and liquidus temperatures of Fo90 are -1770*C and
-1870*C, respectively.
I,B.2. The Experimental Flow Law
Steady-state creep in a crystalline solid at T/T > .5
is generally observed to follow a law of the form (Weertman,
1968)
* = f ()e-(Q+PV*)/RT
E: = f(ae(1 )
where E is the strain rate, a is the differential stress, Q
is the activation energy for self-diffusion, P is the hydro-
static pressure, and V* is the activation volume. Most
studies have shown that at T > 1000*C olivine obeys a creep
law of the form
e = AaneQ/RT (1-2)
where Q ~ 125 kcal/mole and A is a constant. The stress
exponent n varies from 3 to 5 among the experiments. In the
manner of Kohlstedt and Goetze (1974) and Kohlstedt et al.
(1975a) we summarize the experimental flow data in the litera-
ture for dry olivine in a plot of log e vs. log a (Figure 1-1).
All points have been extrapolated to T = 1600*C using Q = 125
kcal/mole in equation (1-2). The majority of the data repre-
sents flow of polycrystalline olivine at confining pressures
of 5 kb to 30 kb although single crystal data taken at both
unconfined (Kohlstedt and Goetze, 1974) and at confining
pressure (Blacic, 1972; Phakey et al., 1972) are shown.
A significant aspect of Figure 1-1 is that all of the data
collected at a1 - a3 < 1 kbar came from single crystal experi-
ments. The continuity from polycrystalline data to single
crystal data encouraged Kohlstedt and Goetze (1974) to repre-
sent the flow of olivine with a single curve drawn through
Figure 1-1
Summary of data for experimental olivine deformation,
single crystal and polycrystalline (see text).
Strain rates have been translated to T = 1600*C using
the flow law (equation 1-2) with an activation energy
Q = 125 kcal/mole. The representative line drawn
through the data is the empirical flow law referred
to throughout this thesis. (After Kohlstedt et al.,
1975a)
K & G: Kohlstedt and Goetze; K & R: Kirby and Raleigh;
P, D, & C: Phakey et al.; B: Blacic; G & B: Goetze
and Brace; C & A: Carter and Avd Lallement; R & K:
Raleigh and Kirby.
10~ v v v
DRY OLIVINE
1600*C
00 0
ooc0
-0 
PC9w 10
00
1 B, 1972
-d GaB, 1972-
o C aA, 1970
- ~o R aK, 1970-
lot 102 103ge e
i- 3 (BARS)
Figure 1-1
all the data. In Figure 1-1 we have drawn a similar curve
which we shall refer to in the course of this thesis as the
empirical flow law. Despite a wide variation in starting
materials and experimental conditions, the flow law represented
in Figure 1-1 is reasonably well defined, with all but a few
points falling within one order of magnitude in strain rate
of the solid curve.
The data in Figure 1-1 is indicated as pertaining to "dry"
olivine. Experiments on "wet" olivine have also been conducted,
where samples are deformed in a hydrous environment such as
exists when talc or other hydrated material is used as a con-
fining medium (Carter and Ave'Lallement, 1970; Blacic, 1972;
Post and Griggs, 1973). The variation in the data among those
experiments is large but they are in agreement that water
weakens the resistance of olivine to plastic flow. The cause
of the weakening is poorly understood but may be related to
the pronounced hydrolytic weakening effect which occurs in
quartz and which may be common to all silicate minerals
(Grigqs and Blacic, 1965; Griqqs, 1967).
I.B.3. Mechanisms of Flow in the Laboratory
The mechanisms of plastic flow associated with the data
in Figure 1-lare not as well known as the flow law they define.
The early work of Raleiqh suggested that the motion of dislo-
cations within the qrains of a polycrystal played an important
role in the deformation and he began the work of identifying
operative slip systems (Burgers vector and glide plane) in
olivine. Although more recent studies have been made with
the transmission electron microscope (TEM) of experimentally
deformed olivines (Phakey et al., 1972; Green and Radcliffe,
1972a,b; Blacic and Christie, 1973; Kohlstedt and Goetze,
1974), the majority of slip system identification has resulted
from observation of features associated with localized strain:
kink bands, deformation lamellae, slip bands, deformation bands,
and slip traces. Raleigh (1968) summarized the techniques used.
The slip systems identified by such means and by TEM are listed
in Table 1-1. An important feature of the table is that only
three Burgers vectors have been identified: b = [100], [010],
and [001].
Ave'Lallement and Carter (1970) observed that the process
of syntectonic recrystallization occurred in their experiments
-4 0
at i = 10~ /sec and T > 950*C. With a ten-fold increase in e,
they observe an increase of 50*C in the temperature of onset
of recrystallization. Raleigh and Kirby (1970) observed a
similar behavior. Data in both cases were collected over a
restricted range of and T, however, and the recrystallization
process in olivine remains poorly understood.
Goetze and Kohlstedt (1973) observed climb motion of dis-
locations (i.e, motion normal to the glide plane, necessarily
involving point defect diffusion in the lattice) in olivine.
While their data did not allow comparison to a flow law of the
form (1-2), they did report an activation energy compatible with
the Q = 125 value for steady-state creep.
The dominant mechanism of flow in nearly all laboratory
Table 1-1
sli p
direction
[1oo
[010]
[001]
slip
plane
(oio)
(ooi)
{Ok i}
(oki)
(pencil)
(distinct planes)
(oo)
(oo)
(oo:
{I1i1
(010)
experiments thus seems to involve the motion of dislocations
limited by a process described by Q = *125 kcal/mole, either
recrystallization or climb. Presumably other mechanisms operate
to a lesser extent but none has been so clearly identified that
its behavior during steady-state creep can be described quanti-
tatively.
I.B.4. Mechanisms in Naturally Deformed Olivine
Optical examination of localized strain features, primarily
kink bands, has been the principal means of slip system identi-
fication in naturally deformed olivines. Some deformation lamel-
lae exist in nature also (Raleigh, 1968) and examination has
also been conducted by x-ray diffraction (see Raleigh, 1968) and
by TEM (Boland et al., 1971; Green and Radcliffe, 1972a,b;
Goetze and Kohlstedt, 1973; Olsen and Birkeland, 1973). The
slip systems identified by such means are almost exclusively
of the (Oki)[100] or the (010)[100] variety, although some
kink bands involving b = [001], perhaps of the {110}[001] slip
system, have been observed (Carter et al., 1968; Raleigh, 1968).
Goetze and Kohlstedt (1973) reported the existence of b = <101>
dislocations bound in subgrains walls based on TEM study and
Boland et al. (1971) made a similar report of bound b = <112>
dislocations.
Textural similarities between experimentally and naturally
deformed polycrystalline rocks suggest that recrystallization
occurs in nature (Ave'Lallement and Carter, 1970; Raleigh and
Kirby, 1970; Nicolas et al., 1971; Green and Radcliffe, 1972,a,b).
However, in the absence of a complete history of (G, T) con-
ditions, it :-s usually difficult to distinguish syntectonic
recovery processes, such as recrystallization and polygoniza-
tion, from similar processes which can occur during a post-
tectonic annealing period.
I.C. Rheology of the Mantle
Plastic flow in the mantle, considering the scale of
horizontal motions of lithospheric plates with respect to the
depth of the flow (thousands of km vs. < 1000 km) must have
proceeded through large strains, y >1, on a volume average.
Depending on the pattern of the flow, y could range from - 1
if the flow extends to the deep mantle to >> 1 if the flow is
localized or occurs in convection cells confined to the upper
mantle. On the basis of the current evidence, it is difficult
to eliminate any of these possibilities (Knopoff, 1969;
Runcorn, 1969; Carter and Ave'Lallement, 1970). The motion
of the lithospheric plates may be episodic, i.e., proceeding in
a "jerky" fashion (Knopoff, 1969), but there has been no
systematic increase or decrease in the average plate velocities
for the last 100 million years, corresponding to distances
travelled by lithospheric plates of ~ 1000 km. This evidence
suggests that the deformation in the mantle-is steady-state.
Models of convective flow in the mantle are traditionally
based on Newtonian flow (n = 1 in equation 1-2) in order to
keep the models simple and in the lack of good evidence to
the contrary. Evidence to the contrary does exist (Figure 1-1)
10
but has not had a strong impact on Newtonian convection models
(see e.g., Richter, 1973) because of the uncertainties which
arise in the extrapolation of the data in Figure 1-1 from
laboratory to mantle conditions.
The uncertainties can be put in three categories:
(1) a, T conditions in the upper mantle. Three T (depth)
profiles from Clark and Ringwood (1964) and from Stocker and
Ashby (1973) are shown in Figure 1-2. A reasonable range of
a is 1 to 200 bars (references in Stocker and Ashby (1973).
(2) Dependence of flow of olivine upon hydrostatic pres-
sure, i.e., in the material constant V* in equation (1-1).
Estimates of V* range from 10 to 50 cm 3/mole (Goetze and Brace,
1972; Stocker and Ashby, 1973). The effect of a range 15 cm 3
mole < V* < 40 cm 3/mole is illustrated in Figure 1-2.
(3) Functional form of f(a) in equation (1-1) outside the
range of laboratory stresses. The curved path of the points
in Figure 1-1 indicates for instance that the value of n in
equation (1-2), which is usually identified as being constant in
any given experiment, changes between experiments conducted
over differing ranges of a. Until the work of Kohlstedt and
Goetze (1974), no experiments had been conducted below
a1 - 03 = 1 kbar and as yet no experiments 
on polycrystalline
olivine have been conducted below a1 - a3 = 1 kbar. Analytical
approaches based on solid state theory of deformation have had
limited success in clearing up the third category of uncertainty.
Several possible mechanisms of steady-state plastic deformation
exist, each with its own physical governing relationship or
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Figure 1-2
Flow of olivine in the upper mantle based on the
empirical flow line (Figure 1-1) and possible values
of the activation volume V* in equation (1-2).
Superimposed are three suggested upper mantle geotherms
from Stoker and Ashby (1973): S & A, and Clark and
Ringwood (1964): C & R.
The three cones with apexes along P = 0 represent
the range of c = 10 14/sec solutions for a = 10,
100, and 500 bars when V* lies in the range 15 cm 3/mole
(lower edge of each cone) to 40 cm3/mole (upper edge).
Solutions for £ = 10-13 and 10- 15/sec can be
visualized by translating the cones up or down a
distance indicated by the arrows at the apexes of the
cones. The uncertainty in V* and in the geotherms
makes it easy to rationalize flow at 10~ 4/sec for
a wide range of stresses.
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constituitive equation. Such analyses (Weertman, 1970; Raleigh
and Kirby, 1970; Gordon, 1971; Carter, et al., 1972; Goetze
and Kohlstedt, 1973; Stocker and Ashby, 1973; Weertman and
Weertman, 1975) are in general agreement that the most likely
mechanism of flow in olivine at upper mantle conditions is
the diffusion limited (climb or recrystallization)motion of
dislocations described by n = 3 to 4.2 in equation (1-2).
Mechanisms involving point defect motions, Coble creep and
Nabarro-Herring creep, may control the flow if a is very low,
a ! 1 - 10 bars.
Knowledge that flow in the mantle is based on diffusion
limited dislocation motion does not give satisfactory predic-
tive power. There are several such mechanisms, each with its
own flow law. For instance, the motion of the dislocations
may be primarily climb, as in Nabarro creep, or it may be a
climb limited glide motion. The nature of the diffusion limit
may be in the climb around glide obstacles or may be in a
dislocation annihilation process. Instead of dislocation-
dislocation annihilation, the process of recrystallization may
serve to keep the number of dislocations in check. Diffusion
limited dislocation glide is also likely to depend on the slip
system or systems involved and the extent to which each is
operating. Several or all of these mechanisms may have been
important in the various laboratory tests. Given the present
set of data, we cannot distinguish which is likely to
dominate flow in the mantle.
I.D. Objectives of This Work
The goal of this thesis is to give the empirical flow law
for olivine a sound phenomenological backing, with the basic
purpose of increasing our confidence in the extrapolation of
that flow law to the upper mantle. More specifically, we
direct our work towards the following two questions:
(1) What is the polycrystalline flow law for a - 3<
1 kbar?
(2) Does the polycrystalline flow law, in particular the
portion for which a, - a3 < 1 kbar, reflect the same mode of
flow as we suspect occurs in the upper mantle; to wit, steady-
state deformation by means of diffusion limited motion of dis-
locations?
We would like an answer to the first question in order to
avoid the uncertainties involved in a large extrapolation in
stress from laboratory to mantle. We need a positive answer
to the second question if any extrapolation from laboratory to
mantle conditions is to be valid. As previous experiments are
in agreement that deformation by diffusion controlled dis-
location motion can be induced in olivine in the laboratory,
the key phrase in the second question is "steady-state deforma-
tion". Most laboratory experiments are terminated at y < 0.5,
well short of mantle strains, and none provide a sound basis,
i.e., demonstration of steady-state deformation, for extrapola-
tion to higher strains. Because of the importance of proper
use of the term "steady-state", we shall suspend its free use
in this thesis until its formal definition in Chapter VIII.
We shall pursue the goal of this thesis by following the
work of Kohlstedt and Goetze (1974) who have established that
single crystals of olivine can be deformed in the laboratory
over a broad range of low to moderate stresses, 50 bars <
a1 - a3 < 1500 bars, at very high homologous temperatures,
.75 < T/Tm < .9, at 1 atm pressure. The difficulty in achieving
m4
convenient laboratory strain rates at a - a3 < lkbar in natural
samples of polycrystalline olivine without inducing partial
melting of secondary phases present requires that single crystals
be used to answer the two questions posed above.
We propose to understand polycrystalline flow through
detailed investigation of the slip systems which operate in
single crystals, covering the macroscopic flow laws and the mic-
rodynamics of dislocation behavior. To this end we take advan-
tage of properties unique to the single crystal:
(1) The principal stress axes can be arbitrarily oriented
with respect to the crystallographic axes, and
(2) The change of shape from before deformation to after
deformation can be very accurately mapped.
The first property will allow us to study individually
the several slip systems in olivine. The second property will
allow us to identify slip systems without having to rely on
inhomogeneous strain features. We add that investigation of
the second question above has been made possible by the dis-
covery in this laboratory of a simple and effective technique
for decorating dislocations in olivine so that they are visible
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with an optical microscope (Kohlstedt et al., 1975b)
The question of activation volume, V*, is not approached
in this thesis. We anticipate at the outset, therefore, barring
radical changes in the polycrystalline flow law at a1 - a3
1 kbar from that suspected on the basis of Figure 1-1, that
we will add little to the understanding of the macroscopic (a,e)
relationship in the upper mantle. Thus, the stated purpose of
this work is to add confidence rather than definition to the
extrapolation from laboratory to mantle.
I.E. Plan of the Thesis
Chapter II outlines the notation used in this thesis,
the experimental plan of action, and the various techniques
and experimental procedures followed in this work.
Chapters III, IV, and V give the experimental results.
Each chapter is concerned with a separate series of deformation
experiments and each chapter includes a short discussion of
the immediate implications of the experimental results.
Chapter VI summarizes the features of the dislocation sub-
structures in our experimentally deformed crystals as revealed
by the decoration technique and by TEM. Included is a brief
section on dislocation structures observed in naturally de-
formed olivine as revealed by decoration.
Chapter VII summarizes the results of the preceding four
chapters, discusses two interesting aspects of dislocation
climb encountered in the experiments, and suggests a flow law
for polycrystalline olivine for 1000 bars < al - a3 < 1 kbar
as inferred from the single crystal experiments, the answer to
the first question towards which we have directed this work.
Chapter VIII argues that the polycrystalline flow law
suggested in Chapter VII does reflect true steady-state flow.
Steady-state is defined formally, its attainment in the single
crystal experiments is demonstrated based primarily on the ob-
servations of Chapter VI, and a phenomenological model for
that steady-state flow is presented. Steady-state polycrystal-
line flow is suggested based on the extension of that phenomen-
ology to the model for polycrystalline flow presented in Chapter
VII.
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Chapter II
EXPERIMENTAL METHODS
II.A. Conventions Used in This Thesis
II.A.l. Notation
It is convenient to use two coordinate systems to describe
the plastic flow of crystals: laboratory coordinates, when
one is describing an experiment or the macroscopic behavior of
a single crystal during an experiment, and crystal coordinates,
when one is interested in the phenomenology of the flow or
the relationship of one experiment to the next. To allow our-
selves to switch back and forth freely between coordinate
systems without explicitly acknowledging such, we define a
system of notation which identifies unambiguously the coor-
dinates used (Figure 2-1).
Thus, in the laboratory frame, the applied stress is a
and is directed vertically. The intermediate and smallest
principal stresses in the laboratory frame, a2 and a3 ' lie
in the horizontal plane. a2 = a3 = 0 in our tests, but they
may have finite value in other experiments and in natural
settings. The single crystal responds to the applied stress
a with a shortening rate
e = 1/Z(d9,/dt) .(2-1)
in the laboratory frame where t is the vertical dimension
of the sample. The shortening c is similar to an engineering
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Figure 2-1
Notation used in this thesis in the laboratory and
lattice frames of reference (see text).
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strain and is computed according to
E=1 -/0 (2-2)
The crystal may undergo rectangular shortening in which the
sides stay vertical, or the sides may cant through an angle w
in the course of deformation. In either case, the atomic
lattice planes -in the crystal may rotate through an angle a
as seen in the laboratory frame. Rectilinear coordinates in
the laboratory frame will be written with primes; however, the
direction most often referred to, the vertical direction, is
usually referred to as a1 .
The lattice frame of reference (unprimed) is tied to the
olivine crystallographic directions (Figure 2-1). If deforma-
tion takes place by means of glide motion of dislocations,
atomic planes normal to the direction n will move with respect
to one anotner in the slip direction m where n is the normal
to the direction glide plane and m is parallel to b, the
Burgers vector of the dislocation. The most commonly used
direction cosines between laboratory and lattice frames are
those of the angles $ and A, where
alA n
(2-3)
X r 1A m
The symbol "A" indicates the angle between the two vectors.
The application of a1 causes a glide stress, T, to be felt by
the dislocations which is the resolved shear stress on the
glide plane n along the direction m. By the Schmid Law (see
e.g., Schmid -nd Boas, 1950, p. 105):
T = Y1 cos$ cosA (2-4)
The strain rate which results from the dislocation motion,
y in the lattice frame, is analogously related to the shorten-
ing rate :
Y = /cos$ cosA (2-5)
When the distinction between T and a1 and y and e 9.
looses meaning, as in macroscopic polycrystalline flow, we use
the non-subscripted variables a and c. The creep law (1-2)
is an example. Also the elements of the small strain tensor
are written as e.. or E!. depending on the coordinate frame.
II.A.2. Creep of Single Crystals
The creep equation (1-2) can be written in either labora-
tory or lattice coordinates:
(laboratory) 9, = Aa1 n Q/RT (2-6)
(lattice) y = A'Tn e-Q/RT (2-7)
The relationship between A and A' is contained in equations (3)
and (4). We shall use the term flow stress, T to indicate
the value of r in equation (6) associated with a given value
of y. The term applied flow stress is used in Chapter V to
indicate the value of a associated with a given E .
In particular, comparisons of applied flow stress will be
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made for situations in which, for two slip systems A and B,
the relative values of flow stress T. are known. The calcula-
Y
tion of the ratio
T EB /A (2-8)
where aA and aB are the applied flow stresses for slip system
A oriented at ($A' A) and slip system B oriented at ($ B
given that the ratio of the flow stresses is
R T/T (2-9)
Y Y
is based on equations (2-4) and (2-5) and the flow laws (2-6)
for slip systems A and B which we write in the form
.l/nA
TA KAYA
(2-10)
.l/nB
TB KBYB
where K A and K are constants. In the situation where
nA = nB n (2-11)
equations (2-9) and (2-10) give
R = KA/KB (2-12)
By the definition of applied flow stress, YA and YB must be
AA -
-A *B
such that _= k 9. From (2-5) therefore
YA B = cosB cosAB /cosA CosAA (2-13)
Similarly from (2-4) and (2-8)
T = TB /TA(cosA cosXA/cosOB cosXB) (2-14)
Combining equations (2-10) through (2-14) we find
1 cos$A cos^A11/
T =-( A) (2-15)
R cos$B cos B
II.A.3. Plane Strain
A condition of plane strain exists when all material moves
parallel to one plane in the lattice frame of reference. In
this thesis, we shall use the term with the additional con-
straint that all material lines normal to the plane of plane
strain remain normal to that plane. Thus all three dimensional
plane strain deformation can be represented completely in a
single two dimensional drawing, as in Figure 2-1.
We note that the Burgers vectors of all dislocations
which participate in plane strain deformation as defined here
must lie in the plane of plane strain.
II.A.4. Indices
Crystallographic planes and directions are noted in
Miller Indices. We shall also refer at times to directions
in an imaginary cubic lattice whose [100], [010], and [001]
axes are aligned with those of the orthorhombic olivine lattice.
Cubic directions are noted with a subscript "c". Thus [111]c
is the direction equiangular from the three olivine crystallo-
graphic axes. [111]c is not parallel to [111].
Table 1-1 lists separately the slip system notation
{0k}[100] and (Okk)[100j. The former refers to the pencil
glide phenomenon first suggested by Raleigh (1968) which implies
glide on an infinite number of planes between (010) and (001).
The latter implies that discreet glide planes exist but that
they are not determined or not specified (e.g., (021) [100]
and (011)[100] can be referred to jointly as (Okk)[100]). This
convention will be used throughout this thesis.
II.A.5. k/b
We make frequent reference in this thesis to the value
Z/b of a sample. In the case of a sample which deforms in
plane strain where one of the sample faces is parallel to the
plane of plane strain, Z/b is defined quantitatively as the
length-to-base ratio of the plane strain face. We also use
the term in a qualitative sense when the plane of plane strain
is not vertical (as in the odd orientations) or when the sample
does not deform in plane strain. In such cases k/b is on the
order of the length divided by a representative base dimension.
"High Z/b" in such cases is the equivalent of "long and skinny".
i/b > 3 is considered "high"; Z/b < 1.5 is considered "low".
II.B. The Experiments
We have performed constant-load compression tests on 41
single crystals of olivine of selected orientations.- The
runs can be broken down into four basic groups:
(1) On-axis orientations (Chapter III) -- two of the
crystallographic axes lie in the horizontal plane and the third
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is aligned with a1 . There are three such orientations: [100],
[010], and [001], where we identify ain orientation by the
direction of a (7 samples, 7 runs).
(2) "45*" orientations (Chapter IV) -- one of the crystal-
lographic axes is horizontal and the remaining two are equally
disposed at45* to a1 . There are three such orientations:
[110] c' [101]c, and [011] C(15 samples, 15 runs).cc L c
(3) Odd orientations (Chapter V) -- none of the crystal-
lographic axes lies in the horizontal plane (15 samples, 15
runs).
(4) Incremental strain runs (Chapters IV and VI) -- samples
were deformed a small amount, removed from the rig, studied,
and put back in the rig to be strained once again. The samples
were given "45*"-type orientations (4 samples, 11 runs).
II.C. Sample Preparation
II.C.l. Starting Material
The samples were cut from seven crystals of San Carlos
peridot of composition Fo92 which were on the order of 1 cm
in diameter. The starting material has a density of free dis-
4 5 -2locations (pfree ) of between 10 to 10 cm but has a rather
sophisticated three dimensional subgrain structure. Subgrain
walls, primarily twist boundaries and tilt boundaries
(McClintock and Argon, 1966, p. 131) lie subparallel to all
three low index crystallographic planes and are spaced at ir-
regular intervals of 10p to 500p. Optical micrographs of
sections parallel to each of the three low index planes, decor-
ated by the technique described below are shown in Figure 2-2.
We estimate that the total dislocation density, including
5 6 -2
subgrain walls, is p ~ 10 - 10 cm . Transmission electron
microscope (TEM) examination revealed that precipitates often
exist along dislocations in the starting material (Figure 2-3).
The density of precipitates associated with dislocations is
much greater than the density not associated with dislocations,
suggesting that the precipitates have nucleated on the dislo-
cations.
We have not attempted to determine the OH content of the
starting material. However, because of the high temperature
(11500C to 16000C) and extended times (usually > 1 hour) at
which the experiments in this thesis were conducted, we
classify our results as pertaining to "dry" olivine. Goetze
and Kohlstedt (1973) found that 1 hour annealing treatments
at T > 700 0C of samples of Twin Sisters dunite resulted in
the disappearance of an OH absorption peak, prominent in un-
annealed samples, at 3680cm~1 in the infra spectrum. The
grain sizes in the Twin Sisters samples were comparable to the
size of our deformation samples.
II.C.2. Sample Preparation
Rectangular parallelipipeds 4 mm long (vertically) with
bases 2 mm x 2 mm were cut from the olivine crystals using a
Laser Technology Model 2005-C wire saw. The wire saw has
the advantage of cutting with very little kerf loss (< 0.25mm)
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Figure 2-2
Decorated thin sections of typical San Carlos peridot
crystals used in the experiments (before deformation).
(a) (100) plane
(b) (010) plane
(c) (001) plane
Figure 2-2
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Figure 2-3
TEM micrographs showing precipitates along dislocations
in the starting material. The dislocations are
arranged in a low energy tilt boundary, suggesting
that the precipitates formed on the dislocations
rather than that the dislocations were halted at the
precipitates. Figures show same area with dislocations
in and out of contrast. Plane of the section is
close to (001).
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Figure 2-3
so that several samples could be cut from a single crystal.
The peridot crystals were initially oriented by cutting off,
thin sectioning, and orienting with a universal stage (U-stage)
equipped optical microscope a small portion of the starting
crystal. Several thin sections were usually made during the
course of slicing up a given crystal. We estimate on the basis
of oriented thin sections cut at known angles to one another
that the final error in sample orientation was ± 5*. The error
was due to the U-stage work (± 20) and the possibility of low
angle tilt boundaries existing in a sample 4 mm long causing
up to 3* nisorientations.
Sample dimensions were altered from the nominal size as
applications required. For instance, when plane strain could
be anticipated, samples of high Z/b, say 5 mm long x 1 mm base,
were prepared for runs intended for low total c Z . Runs in-
tenaeca for high strain (k 2 20%) required more mechanical
stability and thus lower k /b , say k = 3 mm x b = 3 mm.
0 0 - o 0
The third dimension in both cases was 2 - 3 mm. On occasion,
a vertical edge of a sample was truncated to cut away flaws
(e.g., cracks) in the starting material with minimum loss of
base area. Sides were examined with an optical microscope
and if not found to form an angle of 900 ± l* with the base,
were mechanically ground to vertical ±1*.
End faces of the samples were polished with 1.0y Al 203
powder until no scratches were visible to the naked eye. We
found that if the sample and the facing platen were not polished,
the two surfaces would become mechanically mated sufficiently
that differences in thermal expansion characteristics would
cause the sample to fracture severely during cooling. Sample
faces were either left with a striated saw-cut finish or were
polished. The saw cut striations or reference scribe marks
occasionally made on a polished face were approximately 25p
deep.
Prior to deformation all sample dimensions were measured
with a micrometer (i .0005") and angles were measured with an
optical microscope ( 1/2*). The repeatability of the most
critical measurement, Z , was ± .0002".
II.D. The Apparatus
Runs given numbers 7403-1 through 7407-7 and runs 7412-2,
7501-7, 7501-8, 7506-1, and 7506-2 were deformed with a servo-
controlled constant-load apparatus described by Kohlstedt and
Goetze (1974). The remaining runs were deformed in an apparatus
similar in all respects except that a dead weight loading con-
figuration was employed (Figure 2-4). The latter apparatus
does not use a gas-tight seal around the piston, so that fric-
tional losses in the applied load along the piston are negli-
gible. In the former, the O-ring around the piston will sup-
port up to 0.8 kg at room temperature. While we suspect the
effective drag during a run is considerably lower to a steady
+ l temperature fluctuation (see below), we estimate the
maximum error based on the 0.8 kg: on a 2 mm x 2 mm base, the
loss in a1 is 20% at a = 100 bars, 10% at 200 bars, etc.
The column in both the servo-controlled and dead weight
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Figure 2-4
Dead weight loading apparatus used in the experiments.
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loading apparatus was as shown in Figure 2-4. Molybdenum rods
1/2" in diameter supported the load in-ide the furnace. Pieces
of tungsten were inlaid in the molybdenum rods at the platens
where the load was delivered to the sample. Tungsten was used
in place of molybdenum at the platens for twQ reasons: it
has a higher strength at the temperatures used in our runs
and it does not react with the sample at high temperatures as
the molybdenum had been found to do. The deformation of the
column under stress, discussed in Appendix D, has been discerned
from runs in which the column deformed (primarily through
denting of the tungsten platens) while the sample did not. We
found (Appendix D) that the effect of column deformation was
negligible for a1 < 800 bars.
The fugacity of oxygen was controlled by flowing a 70% H 2
30% CO2 (by volume) gas mixture through the furnace at a room
temperature rate of 1 cm 3/sec. The resultant fugacity (Muan
and Osborne, 1965, p. 50) maintained the sample within the
stability field of Fo92 at high temperatures (Nitzen, 1974).
Although the 7:3 gas mixture was more oxidizing than the 10:1
mixture used by Kohlstedt and Goetze (1974), conditions re-
mained near the reducing side of the olivine stability field.
Oxidation of the tungsten and molybdenum column was minimal.
Temperature was measured with a W - 5% Re/W - 26% Re
thermocouple positioned inside the molybdenum rod at the base
of the tungsten insert, 1/8" from the base of the sample (Figure
2-4). The furnace maintained a 1/2" long hot zone at T = 1200*C
within which temperature varied by < 10C. The sample and thermo-
couple were positioned within the hot zone. We estimate at
T = 1600*C a temperature gradient < 5*C along the sample. The
absolute temperature at the sample is estimated to be known
+ 10C at T = 1600 0C. Using Q = 125 kcal/mole in equation (5),
this meant an uncertainty in M2 (T) at constant a of ± 20%.
A temperature controller tied directly to the output of the
thermocouple maintained temperature constant to within ± 4*C
throughout a run and caused a 1 - 2*C regular oscillation of
the temperature at a frequency of 1 - 2 cycles/min.
Displacement of the column was measured by the summed
output of a pair of direct current differential transformers
(DCDT) mounted on either side of the moving piston. The DCDT
output was recorded as a function of time on a strip chart
recorder and the displacement rate thus measured, defined as
rec, is estimated to be within 5% of the actual displacement
rate of the sample when T is constant and when a < 800 (i.e.,
when the column does not deform). The effect of unnoticed
temperature drift upon u rec can be estimated by noting that
the column expanded linearly .050" during heating from room
temperature to T = 1600*C. The coefficient of thermal expan-
sion for the column plus sample is thus 3 x 10-51/ 0C. The
maximum undetected drift we estimate as 1C in 1000 sec, which
-8
means a maximum error in u of 3 x 10 "/sec. Most values
of u refall in the range of 106 to 10 "/sec.
rec
II.E. Experimenta ?rocedures
II.E.l. Finite strain runs (on axis, "45*", and odd orienta-
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tion runs)
The sample was loaded in the apparatus and a small load
(10 - 20 bars at the sample) was applied to insure physical
contact of the column parts. Temperature and displacement,
urec, were recorded as functions of time on a strip chart re-
corder. The temperature was raised at a rate of 3 - 4*/sec
to its final level, usually 1600*C. We then waited 5 - 10
minutes for the column to reach thermal equilibrium. The
first significant load, 100 - 200 bars, of every run was met
with a rapid 5 - 104C cooling of the sample as the column parts
made better thermal contact. Thereafter the thermal charac-
teristics of the column remained constant. Thus, after the
first load was applied, we waited another 5 - 10 minutes to
insure thermal equilibrium of the column.
We made no formal account for a change in stress due to
frictional losses between the platen face and the end face of
the sample, which must in a situation of uniform strain (Appen-
dix A) slide along the platen face. The matter of friction at
the sample-platen interface is the subject of Appendix C in
which we show that the effect of friction was negligibly
low in most runs.
Thereafter a was set to a desired value and u was1 rec
measured. a was usually changed several times during the
course of a run. From the raw data of applied load and dis-
placement vs. time, we calculated the values 3 and e as
follows (see Figure 2-1):
a = a/ (2-16)
1 0 0
S= rec/Z (2-17)
where
=. applied load (2-18)
o initial base area
We note that equation (2-16) is based on a model of rectangular
shortening (Figure 2-1). The instantaneous sample length
was calculated by
Z = k - U * M (2-19)
where
M = Uactual (2-20)
urec end of run
We used the factor M because the total recorded displacement
was a very inexact value obscured by thermal and elastic dis-
placements and repeated zero adjustments of the DCDT's.
Uactual on the other hand was based on micrometer measurements
before and after each run and was known to ± .0005". Normal-
izinq u by the value M in (2-19) thus assured that there
- rec
was no systematic error in the calculated value of Z.
At the conclusion of a run, the furnace was turned off
with the final load still applied to prevent the effects of
static recovery. The cooling rate was 4 - 50C/sec. Upon re-
moval of the sample from the rig all lengths and angles were
again measured with micrometer and optical microscope. Also
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any morphological information such as slip traces, attitudes of
wire saw marks and scribe lines, cracks, etc. was noted and/or
photographed. The remainder of the information on a particular
run was extracted by slicing off a portion or portions of the
sample with the wire saw and preparing optical, decorated
(see below), or TEM sections. Detailed descriptions of the
post-run examination procedures are in Chapters III to V.
II.E.2. Strain Increment Runs
The sample was taken to temperature in the same manner
as in the finite strain runs. When the column had equilibrated
at temperature, a fixed load was applied for a short interval
of time (30 to 120 sec). With the load still applied, the fur-
nace was then shut off and cooling proceeded at 4 - 5*C/sec,
which meant by equation (2-7) using Q = 125 kcal/mole that Y
decreased at a rate of 2 - 3 orders of magnitude per minute.
The sample was removed from the rig, its length measured with
a micrometer, and a slice 250-350y thick was cut off the plane
strain face. The slice was decorated as described below. The
sample was then placed back in the rig and the cycle was re-
peated. . was calculated by
u actual 
(2-21)% T(At + t')
where At was the 30 - 120 second loading time and t' was an
arbitrary value (usually 15 sec) to account for strain during
cooling.
II.F. The Decoration Technique
The procedure for decorating the dislocations in a section
of olivine 20y or more thick was as follows. First, both
faces of the section were polished to 1.0p Al203 or smaller
grit size. Then the section was freed from the glass slide or
polishing holder and placed in an alundum (A1203 ) boat. The
section and boat were placed in an open air furnace preheated
to T = 910*C ± 10C for 1/2 to 1 1/2 hours. The longest and
hottest treatments were given to sections parallel to (010),
the shortest and coolest to sections parallel to (001). The
boat and section were removed from the furnace and cooled. The
section was then attached to a microscope slide and was ready
for optical examination. A surface film which occasionally
formed on the section as a result of the decoration treatment
was removed with a very brief hand rub with 1.0-p Al203 grit.
More is said about the decoration treatment in section VI.A.
and in Kohlstedt et al. (1975b).
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Chapter III
ON-AXIS ORIENTATIONS
III.A. Introduction
The first group of runs, the on-axis orientations, were
aimed at investigating the flow strength of olivine when the
applied stress a, is directed along a crystallographic axis.
The resolvea sniear stress T (equation 2-4) on any of the slip
systems listed in Table 1-j is zero at the on-axis orientations.
Plastic deformation can only come about through a point defect
diffusional process such as Nabarro-Herring creep or Coble
creep, through climD of known types of dislocations (Table 1-1),
or tnrough activation of a heretofore unreported slip system.
III.B. Experimental Results
Taole 3-1 is a sumiaary of the data for the seven on-axis
runs. in three of the runs the majority of shortening c was
accompiisnea through aislocation glide on known slip systems
(Table 1-i). The flow strength data for the remaining four
runs is plotted in Figure 3-1.
We make tne following extended annotations to Table 3-1:
(1) Runs 7403-4 and 7403-5 are not plotted in Figure 3-1
because a significant amount of shortening occurred by kink-
Dana formation. The kinking process is a glide phenomenon in
which dislocations glide into tilt boundaries (often referred
to as kink-band boundaries) of opposite sign, causing the glide
planes to fold up in accordian style (Hess and Barrett, 1949).
Table 3-1
ON-AXIS ORIENTATION RUNS
Run Orientation
7403-1
7403-3
7403-4
7403-5
7403-6
7403-7
7406-6
[100]
[100]
[100]
[100]
[0101
[001]
[010]
T(*C) a 1 (bars) Duration(sec) s(x10-6 /sec)
1550
1600
1600
1600
1600
1600
1600
910
624
6240 1.4*
1.5
12700
777
1196
918
1785
2.7
5760
17
0.44
Comment
upper bound --
shortening t .0004"
upper bound --
some contribution
from glide
not plotted --
kink band formation
not plotted --
kink band formation
not plotted --
glide
upper bound --
shortening S .0001"
* translated to 1600*C using Q = 125 kcal/mole in equation (1-2)
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Figure 3-1
Flow data for the on-axis runs. Downward pointing
arrows indicate that the points plotted are upper
bounds. Curve in the upper left is the empirical
flow law of Figure 1-1.
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Kinking is a common process in the deformation of geological
materials and has been used by others to identify operative
slip systems in naturally and experimentally deformed minerals
(Christie et al., 1964; Raleigh, 1968; Dollinger and Blacic,
1975). Using the optical microscope, we determined that every
tilt boundary in runs 7403-4 and 7403-5 lay parallel to the
(100) plane and was characterized by an axis of external rota-
tion (E.R.) parallel to [001], indicating glide on the
(010) [100] slip system (see e.g., Raleigh, 1968, for an outline
of the optical method).
(2) Run 7403-7 is not plotted because glide occurred in
a nearly horizontal direction, causing the sample to cant to
one side. Consequently, the sample began rolling in the cham-
ber, thorougnly confusing the displacement record. The sense
of canting indicates that glide occurred primarily on the
(001)(100] slip system. We attribute the problem to a slight
misorientation of a1 from the nominal [001] direction, which
resulted in a small Dut non-zero resolved shear stress on the
(001)[100] slip system.
(3) Sample 7403-3 showed a hint of a similar problem (a
side which was originally 24 from vertical canted to 6* from
vertical). Mechanical instability did not develop, but since
some of the shortening must have resulted from the glide which
canted the vertical faces (indicated by shape change to be
(001)[100]), the data point for this run is plotted as an upper
bound in Figure 3-1.
(4) Fr runs 7403-1 and 7406-6, no measurable strain was
detected by micrometer measurements before and after the runs.
Micrometer measurements are repeatable ±.0002", so the maximum
change of length of either of the samples was .0004". Down-
ward pointing arrows in Figure 3-1 indicate that these values
are upper limits. Only in run 7403-6 was measurable strain
induced without morphological changes attributable to glide.
We show in Figure 3-2 a vertical section from sample
7406-6, decorated by the technique described in Chapter II.
The structure shown is typical only of the regions upper and
lower 1/4 portion of the section and may be associated with
local stresses near the ends of the sample. The remainder of
the section more closely resembles the starting (001) section
in Figure 2-2c. Figure 3-2 indicates that despite the fact
that no shortening was measured in run 7406-6, some dislocation
motion did occur.
III.C. Discussion
The points in Figure 3-1 fall two to four orders of magni-
tuae in strain rate below the "450" orientation flow laws
experimentally derived in the following section. This result
supports tne assumption that the list of slip systems for
olivine in Table 1-1 is complete. It shows that at 1600*C
if there is a slip system in olivine which contributes to any
component of the plastic strain tensor c.., i=j (lattice
coordinates) then an applied stress a 1 on the order of 1-2 kbar
directed along a crystallographic axis will produce a strain
rate y on that system no greater than two to four orders of
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Figure 3-2
Decorated section from on-axis orientation sample
7406-6. a1 was directed along [010]. The dislocation
structure shown is typical of the region near either
end of the sample. The helical dislocations which
dominate the field of view are assumed to have grown
7 -2from a low density, p 1 l x 10 cm , of screw
dislocations generated during the run by local stresses
near the ends of the sample.
20u
Figure 3-2
magnitude slower than the y which would result from the appli-
cation of a1 ac a "45*" orientation.
The fact that screw dislocations in our runs do not in
general form helicies indicates that the helicies in sample
7406-6 (Figure 3-2) formed during the run and not during cool-
ing from 1600*C. The dislocations forming the helicies in
Figure 3-2 have become primarily edge in nature and may have
been in the process of climbing under the applied stress by
casting off vacancies, causing the crystal to expand in the
[100] airection at the expense of the [010) direction. The
process of climb by helical screw dislocations, if it does
occur, evidently is very slow and in any case is probably
inconsequential. Tne interpretation of the "45*" orientation
runs in the chapter to follow indicates that an appreciable
strain may occur through climb when edge dislocation generated
during dislocation glide are present. Discussion of climb
is deferred to Chapter VII.
Chapter IV
"450" ORIENTATIONS
IV.A. Introduction
The purpose of the "450" orientations was to determine
flow laws for the individual slip systems (Table 1-1). To
this end, samples were oriented so that a non-zero resolved
shear stress existed on as few systems as possible. An examina-
tion of Table 1-1 shows that a zero resolved shear stress exists
on some but not all the slip systems only when one and only one
of the crystallographic axes lies perpendicular to a,. The
samples were so oriented, and the remaining two crystallo-
graphic directions were arbitrarily chosen to lie 450 from
On the basis of Table 1-1 the samples could be expected to
deform in plane strain (no strain can occur along the horizon-
tal crystallographic direction nor on the plane normal to that
direction). One sample face was always cut normal to the hori-
zontal crystallographic axis, parallel to the plane of plane
strain.
Because of the distinct possibility that more than one
slip system can be activated at any of the "45*" orientations,
a portion of the analysis in this section is directed toward
the identification of the activated slip systems and the amount
to which each operated. Since the plastic flow in the "45*"
runs is characterized by its homogeneity (Appendix B), the
more traditional means of slip system identification in
olivine, such as through slip traces, deformation lamellae,
and external lattice rotations across tilt boundaries, were
not available to us. Rather, slip system identification was
made through observations of shape change and lattice rotation,
observations which were greatly facilitated by the homogeneity
of the flow and the fact that one of the external sample faces
was a plane of plane strain. The shape change parameters,
angles and lengths, were measured externally and lattice rota-
tion was measured in a decorated plane strain thin section,
either with a universal stage microscope or by directly ob-
serving the orientations of screw dislocations or of disloca-
tion walls. Decorated sections were also useful in confirming
shape change results and in calling our attention to unusual
types of behavior, such as local inhomogeneities in strain.
A summary of data of the 15 "45*" orientation runs, along
with that of the four samples deformed in the incremental
strain runs are given in Table 4-1. The runs will be discussed
in three sections: those deformed at T = 1600*C, those
deformed at T < 1600*C, and two which were accidentally de-
formed at very nigh stresses.
IV.B. T = 1600 0C Experiments
IV.B.l. Individual Flow Laws
Experimental Results and Discussion
The data from the thirteen runs conducted at 1600*C are
compiled in the Data Tables in Appendix E and are plotted in
Figure 4-1. Least squares straight line fits to the thre
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Table 4-1
"45*" ORIENTATION RUNS
Run Orientation T(*C) z /b Z%)
(cubic)
7404-1 [101] 1600 1.58 24.5
7405-1 [101] 1400, 1250, 1150 1.77 5.2
7406-1 [101] 1150 2.38 9.7
7406-2 [011] 1600, 1200, 1600 1.78 21.0
7406-3 [110] -800 - 1600 1.90 18.0
7406-4 [110] 1250 2.99 0.15
7406-5 [011] 1400, 1600 2.01 14.6
7407-7 [101] 1600 1.33 26.7
7409-4 [101] 1600 4.67 8.5
7501-2 [101) 650 - 890 4.72 1.6
7501-3 [101] 1350, 1200 5.29 7.0
7501-7 [101] 1600 1.15 42.4
7501-8 [011] 1600 0.94 24.2
7506-1 [110] 1600 1.35 21.3
7506-2 [110] 1600 1.36 29.0
(strain increment)
7412-1 [101] 1600 4.97
7501-4 [101] 1350 5.29
7501-5 [011] 1600 5.21
7501-6 [110] 1600 4.80
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Figure 4-1
1145011 orientation flow at T = 1600*C.
Flow at each of three "45*" orientations can be seen to
follow a separate flow law. Free-standing horizontal error
bars reflect O-ring drag on the piston. Free-standing
vertical error bar represents effect of uncertainty in
temperature of + 10*C. Other error bars are contained
in Data Tables.
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sets of points in Figure 4-1 indicates that when a uniaxial
stress is applied along any of the three "45*" orientations
at T = 1600*C, olivine responds by a flow law of the form
z AGan (4-1)
where the constants A and n take on different values for each
orientation.
Table 4-2
Orientation A (cgs units) n
[110] 1.7 x 10-35 3.6
[101]c 1.1 x 10-36 3.7
[0111 6.4 x 1036 3.5
c
The flow law is constant for all - > 1% for the [110]c and
L1011 orientations and for all e 2 2% for the [011] orien-c Ac
tation.
Several of the data compiled in the Data Tables for the
"4 5 *" orientation runs do not appear in Figure 4-1:
(1) As discussed in Appendix C, the following points which
appear in the Data Tables have been excluded from Figure 4-1
on the grounds that they were strongly affected by friction at
the sample-platen interface:
(a) 7501-7 -- 6 points above e 25%
(b) 7406-2 -- 1 Point above c = 10%
(c) 7401-8 -- 7 points above c = 10%
(2) In addition, the following data were collected at
T = 1600*C but not plotted for the reasons indicated:
(a) 7406-3 -- all 3 data points. This sample ap-
parently underwent shortening, E ~ 10% during initial heat-
ing, perhaps at extraordinarily high stresses. This run is
discussed in section IV.D.
(b) 7501-5 -- all points eliminated except the first
two. This sample exhibited apparent strain softening through-
out the run. The behavior was the result of non-rectangular
shortening typical of high Z/b(>4) samples: the sample de-
formed, canted, and began plastic buckling (Appendix B) and
rolling in the chamber. In other cases where such effects
were observed (7407-4, 7412-1) the data were not compiled.
(c) The first data points of the three [011]c ori-
entation runs 7406-2 (at c = 1.4%), 7406-5 (at E = 2.2%)
and 7501-8 (at c = 0.9%) are anomalously soft. Since this is
the result of either error in the apparatus (say, from un-
matched platen faces) or is a systematic deviation of very low
strain [011]c behavior from higher strain behavior, we do not
plot those points in Figure 4-1.
IV.B.2. Shape Change Analysis
Introduction
We note that in a situation of homogeneous strain and no
prior knowledge of possible slip systems, shape change alone
provides insufficient data for positive slip system identifica-
tion. Such conclusions must ultimately be based on direct
observation and identification of glide dislocations. Even
given the list of slip systems in Table 1-1, one cannot for
instance discern (100)[001] slip from equal amounts of (110)[001]
and (110) [001] slip. Because of the change in sign of the {110}
plane, each increment of strain Ec2 contributed by (110) [001]
will be exactly cancelled by an increment -F32 from (110) [001].
Both (100)[001 and the {110}{001] pair will thus contribute
only £31. At the [101]c orientation, both {ll0}[001] slip
systems feel equal resolved shear stress, making equal slip
on those systems a distinct possibility. For purposes of
shorthand in this analysis we shall restrict our notation to
only the low index slip directions and planes. The notation
(100)[001] thus should be understood to mean {hkO}[001], h 4 0,
in the absence of direct observation of dislocations.
This shorthand notation for slip planes implies that at
any of the "45*" orientations only two slip systems will be
considered, the resolved shear stress on the remaining four
being zero. We shall refer to the two active slip systems as
the primary and secondary in anticipation of the results to
follow.
The shape changes were analyzed quantitatively based on
the work of Chin et al. (1966) and outlined in Appendix A. We
were motivated to use a quantitative analysis by the observa-
tion in several samples that the lattice rotation (a) seemed
too large with respect to side cant (w) to be accounted for by
any combination of primary and secondary slip. An additional
pure shear deformation is required which, in the absence of
{101} <101> slip systems, must be provided through the climb
c C
motion of dislocations. The geophysical implications of
measuring dislocation climb in the laboratory, the same moti-
vation which led to the conception of the on-axis runs, moti-
vated us to find hcw much climb was prescribed by the observed
shape change.
A mode of climb deformation proposed by Nabarro (1967)
provides the required pure shear and, in light of the operative
slip systems, seems physically reasonable. Nabarro suggested
that if edge dislocations having two different Burgers vectors
are intermixea in a crystal lattice (Figure 4-2), then under
an applied stress the climb motion of both sets of disJocations
is accomplished through diffusion of material between disloca-
tions of differing Burgers vectors. This climb motion results
in pure shear deformation with normal strains resolved along
the directions of the Burgers vectors (Gioves and Kelly, 1969).
Experimental Results
Lignt of the samples, those of > 10%, produced suffici-
ently measurable shape change to be considered for quantitative
shape change analysis (Appendix A). Those samples, along with
the four shape change parameters, length shortening (c = z/n )
angle of cant of the sides (w), lattice rotation (a), and
initial airection of glide with respect to a1 (X0 ), are listed
in TaDle 4-3. Also listea in the table is the observed varia-
tion in the parameters, Ac., Aw, and Aa. The shape change
parameters are illustrated in Figure 2-1.
The following observations support the quality of the data
Figure 4-2
Pure shear deformation resulting from climb motion
of dislocations as suggested by Nabarro (1967).
Material required by one set of dislocations climbing
into the crystal is provided by material from
nearby dislocations of the other set which are
climbing out. No net flow of atoms to or from the
surface is required.
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Table 4-3
SHAPE CHANGE PARAMETERS
E i A+ (
24.5 ± 1
26.7 ± 1
42.4 ± 2
21.0 ± 1
14.6
24.2 ± 1
21.3 ± 1
29.0 ± 2
w ± Aw( * )
1. 3
1 2
3 3
9 4
4 2
8 5
3 4
7 11
ct ± Aa(*)
13 ± 3
12 ± 4
14 ± 3
7 4
7 3
11 5
7 6
9 9
Run
7404-1
7407-7
7501-7
7506-2
7406-5
7501-8
7506-1
7506-2
x
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45 2
45
45
45
49 2
45 1
45 1
used as input for the shape change analysis of the eight
samples:
(1) In all samples, no detectable change in length
(±.0005") occurred along the horizontal crystallographic
direction.
(2) All sample and faces (touching the platens) which
began with a rectangular shape finished with a rectangular
shape ±1*.
(3) The area of a horizontal cross section at end of the
run did not show a dependence on distance from the platen face.
(4) Decorated thin sections revealed no dependence of
dislocation structure on distance from the platen faces.
Discussion
To the extent that accurate measurements of the four
shape change parameters, E., w, a, and X0 , could be made, the
amount to which each of the various deformation systems oper-
atea coula be determined uniquely. Shape change under simul-
taneous action of primary and secondary slip through simple
shear angles yp and ys and climb through a pure shear angle
yc/2 was computed by the method in Appendix A. Simple and
pure shear angles are defined in Figures 4-3a and 4-3b. The
computation was done with the aid of an IBM 360/75 computer.
The program in actual use responded to input values of X of Yp
ys, and y c/2 with the outputs comp, acom, and wcomp where
the subscript "comp" distinguishes the computed shape change
parameters from the observed parameters listed in Table 4-3.
Figure 4-3
Definition of shear angle y for (a) simple shear
and (b) pure shear. Light outline shows shape before
shear, heavy outline shows shape after deformation.
Y/2
(a) (b)
Figure 4-3
A deviation parameter, E, was used to compare computed and
observed valuces according to
2 2
E = ( comp) + ( ~ comp) -a co!mp
E + E + E (4-2)
We were able to match the observed shape change with
modelled shape changes (y Y ' and yc/2) when we chose the
primary and secondary slip systems according to Table 4-4:
Table 4-4
orientation primary slip system secondary slip system
[110]c (010) [100] (100) [010]
[101] c (001) (100] (100) [001]
[011], (010) [001] (001) [010]
We repeat that the slip system notations are a shorthand.
(010) [100], for instance, is not distinguished from equal
amounts of (Ok2) [100] and (Ok ) [100].
In figures 4-4 to 4-8 we plot values of E (equation 4-2)
as a function of (y p, ys' y c/2) evaluated by the computer pro-
gram for the first five samples in Table 4-3. The remaining
three are discussed below. Values of E were calculated at 2*
increments of the shear angles y and yc/ 2 and at 4* increments
of Ys. Values of E > 3 are considered unacceptable. Values of
E < 3 define acceptable models only if E , E , and E are all
< 1. We cannot define one model to be more acceptable than
57 - 61
Figure 4-4 to 4-8
Values of the deviation parameter E in Equation(4-2)
plotted as a function of simple shear strain on the
primary (y p) and second (y ) slip systems and pure
shear strain on a climb system (yc). Each figure
represents one run listed in Table 4-2. Shaded
region within the E = 3 contour represents acceptable
matches to observed shape change parameters (see
text). No shaded region within E = 3 contour or
an absense of the E = 3 contour indicates that no
acceptable solutions exist.
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another. The plots in figures 4-4 to 4-8 are contoured to
indicate the sense of deviation from E = 3.
No acceptable models for the [101]c runs (figures 4-4 to
4-6) can be found for which yc = 0. In fact, the three [101]c
c c /
v~ /2
plots show with good consistency that ' ~ 0.2-0.3 for the
p
acceptable models. However, the only acceptable models for
tne [011] c orientation (figures 4-7 and 4-8) occur when yc = 0.
Secondary slip is required in two of the [101]c runs and im-
4c
plied but not required by the third. y5/yp ~ 0-0.4 and seems
to increase with increasing E t. For the [0111 runs secondary
slip is not required and can be no higher than yS/yp ~ 0.1.
The remaining three samples in Table 4-3 were not analyzed
because of the large level of strain inhomogeneity indicated
by the values A , and Aa. We emphasize that these values
do not indicate estimated error, but rather represent the
range over which the parameters vary within the samples. An
averaging procedure, such as the application of our computer
analysis, can be very misleading since there is no proof that
any point in the crystal deformed in the average way.
We can say of the three runs not analyzed that the pri-
mary slip system dominated, based on the observation that
a > 0 at all points. Also, the pattern of strain inhomogeneity
in the three samples not analyzed shows a strong similarity
to the less severe inhomogeneity in saiple 7406-2, suggesting
a similar rheological behavior. Plane strain sections from
the inhomogeneous strain samples are examined in detail in the
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discussion of platen friction (Appendix C) where it is sug-
gested that the friction is responsible for the inhomogeneity.
IV.C. T < 1600 0C Experiments
IV.C.l. Experimental Results
Six of the "4 5 *" orientation runs and one of the incre-
mented strain runs were conducted at T < 1600 0 C. The data for
the seven runs are contained within the Data Tables in Appen-
dix E. The data for the [110] c, [101] c' and [011]c orienta-
tions are plotted in Figures 4-9, 4-10, and 4-11 respectively.
Due to considerable uncertainty in the amount of defor-
mation which occurs in the column at high stresses (Appendix D
data collected in the range T < 1300*C and a > 1 kbar are
plotted with large error bars. Error bars have been omitted
for the [101] runs 7406-1 and 7501-3 where 10 and 8 data
points have been plotted, respectively.
IV.C.2. Discussion
Values of apparent activation energy Q indicated in
Figures 4-9, 4-10, and 4-11 have been calculated on the basis
of the creep equation (1-2). Thus we calculate
S 2  T1 T2Q = R log ( -) - T
-e T 2-T (41£, 2 1
for points of fixed a, at (T,,s 1 ) and (T or alternatively1 2
T 
1 1__ _2Q = Rnlog (-) 2 - T(44)
2 2 1
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Figures 4-9 to 4-11
T < 1600*C mechanical data for each of the three
"450" orientations. Heavy line represents 16000 C
flow and is taken directly from the least squares
fit to points in Figure 4-1. Labels on each line
show apparent activation energy Q at the indicated
temperature with respect to 1600 0C. Light lines
are representative curves through data; dashed
lines represent apparent activation energies
Q = 125 kcal/mole. Apparent activation energy
between 1350*C and 1150*C data in Figure 4-10 is
Q = 87 ± 15 kcal/mole, The [101]c oriented run 7406-1
exhibits a strain hardening. Apparent strain
softening in the [101]c run 7501-3 was the result of
plastic buckling.
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for points of fixed l and n at (Ti, a ) and (T2, a2 ). The
value of Q calculated by equation (4-3) or (4-4) has physical
meaning only if the parameters result from the same mechanism
of plastic flow. Strictly speaking, no conclusions concerning
deformation mechanism can be made when testing is done at only
two temperatures as is the case for the [110]c plot (Figure
4-9) and essentially the case for the [011'j plot (Figure 4-11).
On the basis of the T < 1600 0C experiments we can make
the following observations regarding Q:
(1) [110] -- The data is consistent with Q = 125 kcal/
mole for T > 1200*C. Stated differently, if Q = 125 kcal/mole
at T = 1600*C, then Q > 102 kcal/mole for 1200*C < T < 1600*C
(Figure 4-9).
(2) [011] -- If Q = 125 kcal/mole at T = 1600 0C, then
Q = 123 ± 20 kcal/mole for 14000C < T < 1600*C (Figure 4-11).
(3) [101] , -- (Figure 4-10) Q = 120 ± 20 kcal/mole be-
tween the points 1350 0C and 1600*C. Kohlstedt and Goetze (1974)
in a similarly oriented run (C. Goetze, personal communication)
measured Q = 126 ± 2 kcal/mole between the points 1430*C
and 1560 0 C. Without qualification therefore we can state that
Q = 125 ± 5 kcal/mole for 1430*C < T < 1600C. Between the
points 1350*C and 1150 0C we have measured Q = 87 i -15 kcal/
mole.
Fiaures 4-10 and 4-11 reveal some interesting aspects of
the mechanical response of single crystals deforming at
T < 1600*C:
(1) The transient at the [101], orientation at T = 1150*C
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extends over larger strains than in the 1600*C experiments
and is clearly resolved as a hardening. Specifically, for the
[101]c run 7406-1 (T = 1150*C, a1 = 1300-1400 bars), the tran-
sient extends to c 6% vs. F_ 1% at T = 1600*C, a = 300-
400 bars.
(2) The transient hardening in the [011]c run 7406-5
(T = 1400*C, a1 = 1000-1200 bars) extends to C ~ 2%, compar-
able to the transient at (T = 1600*C, a = 500-600 bars).
(3) The indicated value of the stress exponent for the
[101]c runs is n = 3.7 ± 0.5 at T = 1350 0C and T = 1150C.
This value is so close to the T = 1600*C value that all lines
including the 1600*C reference line are drawn on Figure 4-10
with the same slope. A similar value of n is indicated for
[011] c at 1400*C, although the resolution is rather poor.
The peculiar behavior of the [101]c orientation with
varying T can be revealed more clearly (than in Figure 4-10)
by plotting the [101]c flow data on coordinates of log o
vs. l/T, rather than the customary log e vs. log a (Fig-
ure 4-12). If deformation is governed by a flow law of the
form
f(a 1 , e , T) = 0 (4-5)
then every point in a log a1 vs. 1/T plot will represent a
unique value of Co. Furthermore, if flow conforms to the creep
equation(1-2), then lines connecting points of constant r£
will be straight in regimes where Q and n are constant and
will have a slope of Q/n. In Figure 4-12 we have drawn a
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Figure 4-12
0 -5
Flow data from Figure 4-10 at e = 10 /sec plotted
as log a1 vs. 1/T. Straight lines indicate constant
Q/n and suggest a single mechanism of flow.
Dashed lines indicate flow at constant , = 10~ /sec.
Because n = 3.7 for all the flow laws plotted in
Figure 4-10, the change in mechanism occurs at
T ~ 1400*C at all e .
TEMPERATURE, *C
1500 1000
I U I I U ifI
.. DRY OLIVINE
(101]c ORIENTATION
/
I,
/
/
//
0.6
1000/T(-K)
Figure 4-12
V
**I0~
(I)
Ilo
%f-w
oft
100
w
0j
a.
0.4 0.8
straight line through the ; = 10- 5/sec points at T = 13500 C
ana T = 1150*C. If these two points result from the same
mechanism, then a changeover from a high temperature mechanism
to a lower temperature mechanism occurs where the straight
lines cross, at T = 1400*C. We shall justify the existence
of a single change of mechanism in Chapter VI: dislocation
microstructures in the runs conducted at T = 1350*C and
T = 11500C are very similar, but are radically different from
the microstructures produced at T = 1600*C.
In general, both Q and n change when a mechanism changes,
so that fields of mechanism dominance depend both on tempera-
ture and strain rate. In the case of the [1011c orientation,
however, n = 3.7 for both mechanisms (Figure 4-10) and lines
of constant c will cross at T = 1400*C for all strain rates.
IV.D. Runs 7406-3 and 7501-2
Both these samples were inadvertently subjected to very
high stresses, probably several kbar, during the initial
heating. The stress in both cases arose from the fact that
the column had not been left with sufficient free travel for
thermal expansion.
7406-3, oriented [110]c ,encountered difficulty at
T ~ 800*C, as indicated by an interruption of the recorded
thermal expansion. The heating was continued to T = 1600*C
and testing proceeded in the normal manner. Upon removal of
the sample from the chamber it was discovered that
uact - urec = 0.035" - 0.020" = 0.015". The recorded thermal
expansion in fact differed from the normal thermal expansion
of other 1600*C runs by roughly 0.015". Thus, of the total
E = 18%, nearly half occurred at T < 1600*C. All horizontal
cross sections had a rectangular shape and the sample dimension
along [001] did not change, ±.0005", indicating plane strain
deformation. The sample did, however, have a "dead zone"
(see Appendix C) at either end, indicating the effect of
frictional coupling of the platen and sample. The shape change
unambiguously indicates dominance by (010) [100] or a pair of
(Okk)[100], k / 0 slip systems. The only other possible slip
system (h09) [010] can be neither confirmed nor excluded.
7501-2, oriented [101] c, encountered difficulty at
T ~ 650*C. A maximum at T = 890*C ± 20* was reached before
the run was halted. The sample was spalled but one of the
faces 90* from the nominal plane strain face showed very clear-
ly a cross-hatched pattern of slip traces equally disposed at
32* ± 20 from the strike of the (100) plane (Figure 4-13).
The {1101 planes in olivine nominally strike at 33.5* from
(100) on this face. A decorated section parallel to (010),
ordinarily the plane of plane strain, revealed that the slip
traces were related to slip bands (Figure 4-14) parallel to
[001]. The dislocation structure within the bands could not
be discerned because the dislocation density was too high for
8 -2
optical examination, i.e., p >> 10 cm
The slip system activated was {110}[001] with approxi-
mately equal amounts of slip occurring on the (110) and (110)
planes. We note that in the other [101]c orientation runs of
Figure 4-13
Slip traces on a vertical face of sample 7501-2
mark the strike of the {110} planes. a1 directed
NE - SW. Note extensive cross slip.
Figure 4-14
Vertical section (decorated) cut normal to the face
shown in Figure 4-13 confirming the operation of
{110}[001] slip system. Slip bands appear stippled
for reasons unknown. The cross section through
any given slip trace, i.e. the intersection of the
stippled band with the surface, is flat and the shear
angle is roughly the same in all slip bands,
suggesting that slip has halted within the central
portion of each band after a fixed strain. A low
2 -2density, p < 10 cm of b = [001] screw dislocations
occupies the region between slip bands.
...........
.I mm
Figure 4-13
.1 mm
Figure 4-14
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this work, all of which were conducted at higher temperatures
and lower stresses, the dominant slip system was (001)[100].
In being deformed at T < 900 0C and a1 on the order of several
kbar and in responding with'{10}[001] slip localized in slip
bands, this sample has bridged the experimental gap between
our work and much of the experimental investigation of the
plastic flow of olivine.
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Chapter V
ODD ORIENTATIONS
V.A. Introduction
The odd orientation runs were conducted for the purpose
of determining the preference of slip systems as a function of
orientation of a 1. As in the case of the "45*" orientation runs
shape change measurements were the primary evidence for slip
system identification. However, the results of these runs were
more complex than for the "4 5 *" orientation runs because the
obscuring effect of anomalous processes such as plastic buckling
(Appendix B) or friction at the sample-platen interface (Appen-
dix C) were generally accentuated by the addition of freedom of
orientation. Furthermore, even when the deformation was plane
strain, as was often the case, the plane of plane strain was
not vertical and thus could not be seen in one of the sample
faces.
The frequent uncertainty in the shape change results
required that we find other means of slip system identifica-
tion. We found two additional sources of data: (1) lattice
misorientation across the samples as measured with an optical
microscope equipped with a universal stage (U-stage), (2) dis-
locations and dislocation substructures as observed in decor-
ated thin section and to a lesser extent by transmission elec-
tron microscopy (TEM). We describe the three methods in more
detail:
Shape c nge. The analysis formulated by Chin et al.
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duce patterns of dislocations which are effective fingerprints
for the identification of those slip systems. Burgers vectors
of dislocations caught in low energy tilt boundaries and
twist boundaries (McClintock and Argon, 1966, p. 131) are also
identifiable. These structures are made visible in the optical
microscope by the decoration procedure described in section
II.F. Such information is often a useful complement to the
two methods described above.
In addition, mechanical data were compiled in the manner
described in section II.E. These data when compared to that
collected by the first three methods lead to some rather
startling conclusions about the high T low a behavior of
olivine.
V.B. Experimental Results
The basic data pertaining to the 15 odd orientation runs
are presented in Table 5-1. The orientations of the runs are
plotted stereographically in an inverse pole figure in Figure
5-1.
The mechanical data for the 15 runs are compiled in the
Data Tables in Appendix E. The data points taken at T = 16004C
(14 runs) are plotted in Figure 5-2. Five data points were
taken at T = 1500*C during run 7407-1. Those points are
plotted separately in Figure 5-3.
In Table 5-2 we present a summary of the data collected
by the four methods outlined above in the introduction to this
section. Table 5-2 represents an attempt to collect in concise
(1966) was used as outlined in Appendix A. To the extent
that deformation in the samples is inhomogeneous, the method
produces less than accurate results. In addition, horizontal
scribe marks were occasionally scratched lightly (depth .001")
on sample surfaces to signal inhomogeneous strain. Under
homogeneous strain all parallel lines must remain parallel
(Appendix A) and all horizontal lines must remain parallel to
the end faces.
Lattice misorientation. The odd orientation samples do
not in general deform by rectangular shortening (Figure 2-1).
Consequently, they become subjected to bending stresses and a
strain inhomogeneity in the form of plastic buckling develops
(Appendix B). Edge dislocations of like Burgers vector b
and like signs of b collect in certain regions of the crystal
in response to the bending stresses. We argue in Appendix B
that these dislocations belong to the preferred (as a function
of orientation of a1 )slip system. The resultant distortion
of the crystal lattice has an axis of external rotation (E.R.)
parallel to the line direction 1 of the edge dislocations and
can be detected by U-stage microscopy in the same manner that
misorientations across tilt boundaries can be measured (see
e.g., Raleigh, 1968). In the majority of cases the angle of
lattice rotation is less than the total shear strain accumu-
lated during deformation, so that shape change and lattice
misorientation together can uniquely determine b and 1.
Dislocations and dislocation substructure. As described
at length in Chapter VI to follow, certain slip systems pro-
Table 5-1
ODD ORIENTATION RUNS
Orientation
GlA (0)
Run [1001 [010] [001] T(*C) C.
7407-1 57 54 53 1600, 1500, 1600 44
7407-2 57 54 53 1600 17
7407-3 42 76 50 1600 31
7407-4 42 76 50 1400 13
7407-5 66 69 32 1600 20
7407-6 65 36 64 1600 19
7410-1 73 66 30 1600 5
7410-2 57 62 47 1600 13
7410-3 66 62 38 1600 11
7410-4 71 48 49 1600 13
7410-5 68 50 48 1600 7
7410-6 71 48 49 1600 13
7410-7 54 76 39 1600 11
7411-1 57 68 42 1600 12
7412-2 57 54 53 1600 42
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Figure 5-1
Inverse pole figure showing the orientation of a
for the odd orientation runs. The size of the points
(radius = 5*) represents the uncertainty in the
orientations. Dashed lines show for reference
portions of the (110) c, (101) c, and (011) planes.
ool
[oo] [001]
Figure 5-1
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Figure 5-2
Mechanical data for 14 odd orientation runs deformed
at T = 1600*C. Data are separated into two figures
for clarity. Longest line shows flow at the [110]c
orientation and is taken directly from Figure 4-1.
Shorter lines show the location of representative
straight lines through the appropriate data points.
Ratio of u for an odd orientation run to a
along (110C at = 2 x 10- 5/sec is the entry under
"Mechanical Data" in Table 5-2.
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T = 1500*C mechanical data from run 7407-1. Conventions
are the same as those used in Figures 4-9 to 4-11.
DRY OLIVINE
ODD ORIENTATIONS
T< 1600*C
1600* C
I
I
I
I
I
I
I
/
I
I
I
1
I
S 7407-1,(1500*C)
102
APPLIED STRESS,
Figure 5-3
(BARS)
-410
W
%400
15000 C
(Q 125)
05
-610
w
z
w
0
Footnotes to Table 5-2:
(1) as seen in nearly vertical section unless
otherwise noted
(2) applied flow stress, if applied flow stress at
[110]C orientation = 1.0, from Figure 5-2
(3) quantitative analysis: predicted numbers
shown are closest match that can be generated
by that slip system
(4) Section A and Section B are approximately
90' from each other and are nearly vertical
unless otherwise noted
(5) i.e., those slip systems which operate at the
[101]c orientation
a =-5(6) ats =2 x10 J/sec
Table 5-2
ODD ORIENTATION RUNS -- SUMMARY OF DATA
Run Shape Change
7407-1 severe distortion
M = [100] qualitatively
T010) slip traces on
portion of one face
Lattice
Misorientation
E.R. near (100),
but much
distortion:
50* from [001]
in center;
100 from [001]
near edge
two sections,
fair agreement
Dislocation Mechanical Suggested
Substructur4 l) Dat42) Slip System
complex; not
interpreted
7407-2 all faces flat
some (010) slip traces
quantitative analysis .3
obs (010) [100] (041) [100)
, (%) 16.6 13.5 18.8
angle
A0
angle
B 0
not done8±2
8±2
angle
C* 11±2
1.1
1.5
(010).[100]
from slip
traces;
glide plane
may have
changed
during
de f orma-
tion
three parts
(010) [100]
one part
(041) [1100]
not done
13
(cont.)
Table 5-2 (cont.)
Shape Change
Lattice
Misorientation
Dislocation Mechanical Suggested
Substructur41 ) DatA2 ) Slip System
(010) [100] gives
correct sense of
angle changes but
poor magnitude
(001) [100] gives
wrong sense of
all angle changes
(100) [001] gives
wrong sense of
1 of 3 angles
E.R. axis at 20±20*
from [001] on
(100) plane in
[100]-organized
region
E.R. axis skew in
remainder
Section ,4
distinct inhomo-
geneity:
-upper 2/3
dominated by
(010) subgrain
boundaries
(b=[100], [001]
twist boundaries?)
-lower 1/3
dominated by
[100]-organization
Section A4)(at 90*
to A): signs of
(010) [100] glide
plane; [101 ]c
plane strain;
[100] -organization
(010) [100]
.0 (001) [100 f5)+
(100)[001 5)
inhomogeneous
mix
(cont.)
Run
7407-3
Table 5-2 (cont.)
Shape Change
Lattice
Misorientation
Dislocation Mechanical
Substructur$1l DatA2)
Suggested
Slip System
7407-4 creases on faces
indicate tilt
boundaries within;
plane of tilt'
boundaries near
(100); E.R. axis
closer to [001]
than [010]
7407-5 (041) [1001 better
than (010) [100] or
(021) [100] but
none match data
significant (~30%)
[001] slip
required -- on
(100) if (041) [100];
on (010) if
(021) [100]
kint of (041) slip
traces
not done
E.R. axis at
20±100 from [001]
on (100) plane
not done
Section A:
waves of
[100]-
organization
dominate
(Figure 6-13b)
some [001]
screws at
corners and
ends
not
plotted
1.9
(OkL) [100] kink
band forma-
tion where
(Ok) is
closer to
(010) than
(001)
(041) [1001 with
(100) [0011,
nearly
homogeneous
mix
(cont. )
Run
Table 5-2 (cont.)
Run Shape Change
7407-6 M = [001] clearly
excluded
(010) [100] gives
correct sense
of angle
changes; not
distinguished
from (OkZ) [100]
7410-1 m = [100] and
[001) both
possible; e
too small for a
more definite
statement
Lattice
Misorientation
E.R. axis at
20±200 from
[001] on (010)
plane
lattice
distortion
< 50
Dislocation
Substructur
poor decoration but
apparent diminance
by b = 1100]
Section A: minor
[100]-organization;
many straight
dislocations paral-
lel to [001].
Most of dislocations
look "unorganized"
Section B: also poorly
organized but kint
of "squared off"
pattern, perhaps
b = [100] and [001]
screw dislocations
Mechanical
Dat 2)
1.2
2.8
Suggested
Slip System
(010) [100]
(OkZ) [100]
dominates,
(OkX) near
(010)
possible slip
involving
b = [010]
(cont.)
Table 5-2 (cont.)
Shape Change
Lattice
Misorientation
Dislocation
Substructur 1 )
Mechanical Suggested
Dat 2) Slip System
7410-3 complex but
homogeneous;
m = [100] and
Tool] both
possible
E.R. axis at 35±150 Section A: frequent
from [100], near (010) plane
(010) plane boundaries; also,
two sections at 90*, many dislocations
good agreement trending [1001and [001]
Section B: line
directions [100]
and [001] are
common; fine
b = [100], [001]
twist boundaries
are very common
but hard to see
2.3
homogeneous
mix of slip
along [100]
and [001]
7410-4 (010) [001]
explains most
of shape
change
minor (<20%)
m = [100]
indicated
E.R. axis at
[100] 50
[011] fingerprint
strscture
(010) (001]
1. dominates;
secondary
slip along
[100]
(cont. )
Run
Table 5-2 (cont.)
Run Shape Change
7410-5 (010) [100] gives
correct sense
of all angle
changes
(001) [1001 gives
wrong sense to
largest
observed angle
change
very little
m = [001] is
allowed
7410-6 resembles 7410-5
much more
closely than
7410-4
Lattice
Misorientation
E.R. axis at 40±150
from [001], 15±100
from (100) plane
two parallel
sections, good
agreement
E.R. axis skew
and variable
Dislocation
Substructur$1 )
line direction
[100] predomi-
nates; [001] is
common
Mechanical Suggested
Dat 2) Slip System
(6)1.3
[100]-organization
at ends and
corners
Section A: [011]
fingerprint
structure
Section B: difficult
to interpret --
[100] line
direction can be
seen
1.6
(Ok) [100]
dominates,
with (Ok)
closer to
(010) than
(001)
some slip
along [001]
homogeneous
mlix
slip along
[100] and
[0011 in
undetermined
ratios
homogeneous
mix
(cont.)
Table 5-2 (cont.)
Run Shape Change
7410-7 (OkZ)[100] --
neither
(010)[100] nor
(001)[100]
alone give
proper shape
change
parallel, horizon-
tal scribe marks
are parallel but
no longer
horizontal after
deformation
7411-1 closely resembles
7410-7,
including behav-
ior of scribe
marks
Lattice
Misorientation
E.R. axis 35±100
from [001] on
(100) plane
two sections at
904, good
agreement
E.R. axis at
[001] ±200,
from (100)
plane
two sections
90*, good
agreement
Dislocation
Substructur4
Section A: [100]-
organization over
2/3 of section
Section B: [100]-
organization at
an oblique angle
(Figure 6-16)
Section A: extensive
[100]-organization
Section B; line
directions in
at [100]-organization
are difficult to
detect, but most
seem a large angle
from [001]
Mechanical Suggested
Dat 2) Slip System
1.3
1.6
(0kk)[100] on
several planes.
Average (OkL)
is ~350 from
(010)
homogeneous
mix
deformation
confused by
possible
buckling
(010) [100] or
(Okg) [100]
within 15*
of (010)
deformation
confused by
possible
plastic
buckling
(cont.)
Table 5-2 (cont.)
Lattice
Shape Change Misorientation
7412-2 closely resembles E.R. varies on
7407-1 (100) from near
[001] to 200
from [001] at
region near
center
Dislocation
Substructur4 1)
complex; [100]
line direction
is apparently
Mechanical
Dat 42)
' 1.1
Suggested
Slip System
(010) [100] or
near (010)
initially
glide plane
may have
changed
during
deformation
Run
but objective form a consider-.bly mcre voluminous body of evi-
dence gathered in this work. The mrechanical data has been
summarized by a single number which represents the ratio of
applied flow stress (defined in section II.A.2.) to flow stress
on the (010){100] slip system determined at the [1101c orien-
tation in the previous chapter. In the final column we show
our conclusion as to the slip system or systems-most likely
responsible for the observations in the first four columns.
Dominance by b = [100] in the majority of the runs is
neither surprising (in light of the results of the "45*" orien-
tation runs) nor difficult to detect. The glide plane associ-
ated with b = [100] is, on the other hand, considerably more
difficult to detect because there are apparently several to
choose from (Table 1-1). In some cases the conclusion in col-
umn five represents a simpler answer than the complex data might
suggest. In order to justify those conclusions, we are obli-
gated to make extended annotation to the data. The following
comments address the more controversial features of Table 5-2.
(1) Runs 7407-1 and 7412-2 were both oriented at the center
of the stereo plot (Figure 5-1) equidistant from the three crys-
tallographic axes and both deformed to very high.strain. U-
stage analysis of thin sections from both reveal severe dis-
tortions of the lattice. The axis of external rotation (E.R.)
lies near the (100) plane, consistent with the shape change in-
dication that b = [100] predominates. Across sample 7407-1,
however, the E.R. axis varies from 50* to 0* from [001] in the
(100) plane, indicating a variation in the glide plane 50* to 0*
from (010). In 7412-2, the E.R. axis lies.at least 20* from
[0011 in some regions.
(2) 7407-2 had the same orientation as 7407-1 and 7412-2
but was not carried to nearly as high a strain. It was, how-
ever, strained sufficiently (16.62) that its flat sides and
well defined shape change angles (= 2*) provide us with perhaps
the most reliable application of the shape change analysis of
this chapter. Table 5-2 shows that (010)[100] and (041)[100]
bracket the observed shape change. A match to the observed
would apparently result from a ratio of (010)[100) slip to
(041)[100] of roughly 3:1.
(3) 7407-3, 7407-4, and 7410-7 did not deform in a manner
typical of the [101] oriented runs of the "45*" orientation
c
series despite their proximity, 15*, to [101]c. Although
inhomogeneous strain effects in 7410-7 due to plastic buckling-
and/or rolling in the chamber (Appendix B) made the interpre-
tation of the shape of the sides difficult, the shape of the
ends does not favor slip on (001)[100]. There is good agree-
ment in lattice misorientation measurement in two separate
thin sections cut 90* from each other. Both indicate an E.R.
axis 250 to 450 from [001], consistent with a slip plane
closer to (010) than (001). (100) tilt boundaries (b = [100]
edge dislocation walls) seen'in one of the decorated sections
have members which vary in line direction from wall to wall
(see Figure 6-16). Directions 40* ± 5* and 65* ± 5* from [001]
have been observed. These correspond closely to the slip
systems (021)[100] and (011) [100] whose glide planes lie at
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400 and 60* to (010), respect ively. If they were the only
active slip systems, a different result from that of the
shape change and U-stage data is implied.
Deformation in 7407-4, run at T = 1400*C, was dominated
by inhomogeneous tilt boundary formation in the manner of
several of the on-axis runs. The tilt boundaries, which were
visible from the outer morphology of the crystal, lay nearly
parallel to (100). The E.R. axis, observed from the morphology,
was closer to [001] than [010]. 7407-3, of the same orientation
but run at 1600*C, was studied in more detail. While the
shape change clearly precludes dominance by (001)[100] in
favor of 1100] slip on or near (010), there is equally clear
evidence from U-stage measurements and from the decorated
sections that b = [001] has been involved in the deformation.
The shape change can be reconciled with some [001] slip as
long as it is much less than that on (010)[100]. The glide
plane for b = [001] cannot be resolved from the shape change,
nor can it be discerned by U-stage or decoration. The dis-
location structure is characterized by pronounced spatial
inhomogeneities in two decorated sections cut at 90* to one
another. In one of the sections, lattice misorientation
measured prior to decoration shows an E.R. axis in the bottom
1/3 of the section in the (100) plane roughly 10* from [001].
In the upper 2/3 it is more difficult to resolve, owing to
only a small misorientation, but seems to lie at least 30*
from the (100) plane. A corresponding inhomogeneity in the
dislocation structure between the upper 2/3 and lower 1/3 of
the section was revealed after decoratioi.
(4) 7411-1, oriented 8* ± 2* farther from 1l01]c than
7410-7, deformed in a manner analogous to 7410-7. Both were
cut from the same slice of the same peridot crystal, so that
their relative orientations are known considerably better
than the usual ± 5*. It is encouraging that the apparent
(OkZ) [100] slip of 7410-7 was not anomalcus. Even the effects
of rolling in the chamber were duplicated, which probably in-
dicates that the rolling was not caused by random-column mis-
alignment but rather by a systematic effect, probably plastic
buckling.
(5) 7407-5, the remaining sample in the vicinity of 7410-7
and 7411-1, deformed to a shape which cannot be explained by
single [100] slip on any (OkZ) plane but which can be explained
with the addition of a small amount of [001] slip. Quantita-
tive shape change analysis under the combined slip has not
been done due to its complexity. Qualitatively the shape
change can be understood as combined slip on (041)[100] and
(100)[001] or combined slip on (021)[100] and (010)[001].
U-stage results and a hint of (041) slip traces on the sample
suggest the former.
(6) 7410-4, 7410-5, and 7410-6 have been used to define
the boundary between dominance by b = [100] and b = [001].
The results of 7410-4 indicate with little ambiguity dominance
by (010)[001], although we note that the shape change indicates
a small amount of slip in the [100] direction. The shape
change of 7410-5 oriented 4* ± 2* closer to [100] (again,
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the two samples were cut froi, the sarae single crystal) shows
unambiguous dominance by b = [100] and shows some signs of
b = [001]. The total strain was too low (% = 7%) to resolve
glide planes but the lattice misorientation, which confirms
dominance by b = [100], indicates with poor resolution a
glide plane near 45* to (010) and (001). Decorated sections
of 7410-5 are less clear and show a homogeneous mixture of
structures involving b = [100], [001], and perhaps even [0101.
We suspect that the considerable difference between the
behavior of 7410-4 and 7410-5 may have resulted from an ampli-
fied effect of slight changes in orientation at a critical
location in the inverse pole figure. This feeling is confirmed
by the rather ambiguous results of 7410-6, which had the same
orientation ± 2* as 7410-4.
(7) The remaining runs in the more controversial regions
of Figure 5-1 are 7410-1 and 7410-3 in the region of a sus-
pected "triple point" between regions of dominance by single
slip systems. Both samples present a rather confused set of
data which we suspect is the result of a nearly homogeneous
mix of b = [1001 and b = [001] in undetermined ratios.
V.C. Discussion
For reference in this discussion we have sketched in
Figure 5-4a an inverse pole figure for a hypothetical crystal
which is allowed to glide on the slip systems (010)[100],
(041)[100], (021)[100], (011)[1001, (001)[100], and (010)[001].
The lines within the figure are loci of equal resolved shear
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Figure 5-4
Inverse pole figure delineating regions of dominance
when all slip systems have equal values of flow
stress T- (see text).
Y
(a) Six slip systems active
(b) Three slip systems active
'0'
0o0
00o~
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stress on neighboring slip systems as calculated by the Schmid
Law (equation 2-4).
If all slip systems have the same flow stress, T. (defined
Y
in section II.A.2.), then the lines in Figure 5-4a delineate
dominance by one slip system over another. The fields are so
labelled. As T. for any slip system increases, its field of
Y
dominance will shrink and those immediately adjacent will grow.
In Figure 5-4b we have sketched an inverse pole figure
for the case where glide is allowed only on the three so-called
principal slip systems of the "'45*" orientation runs. We note
in comparing Figures 5-4a and b that
(i) the (010)(001) field is not markedly affected by (100]
glide on any of the indicated (OkZ) planes.
(ii) The propensity for (010)[1001 glide decreases as
one moves away from the (001) plane towards the (010) plane.
If we consider the samples dominated by b = [100] in
order of orientation in Figure 5-1 from (010),to (001) we see
a trend in the glide plane preference:
(1) 7407-6 -- (010)[100]
(2) 7407-1, 7412-2 -- (010)[100] or nearby during early
strain
(3) 7407-2 -- three parts (010)[100], one part (041)[100]
(4) 7410-2 -- (010)[1001
(5) 7411-1 -- (010)[100] 15*
(6) 7407-5 -- (041)[100] more likely than (021)[100]
(7) 7407-3 -- (010)[100], (001)[1001 inhomogeneous mix
(8) 7410-7 -- (Okk) [100] at (Ok) f\(010) = 350 ± 10*; signs
of (021)[100], (011)[100]
We have altered Figure 5-4a to reflect this trend in
Figure 5-5. We have also delineated In Figure 5-5 the field
of the experimentally determined (010)[001] dominance. .
If the difference between Figures 5-4a and 5-5 is the
result of differing values of the flow stress, T.,. for the
Y
several slip systems, then values of the flow stress ratio R
(equation 2-12) can be calculated on the basis of those figures
for the various pairs of slip systems. In Table 5-3 such
A
calculations are made using as a common T. (equation 2-12)
Y
that of- the (010)[100) slip system. Our uncertainty in the
location of the boundaries in Figure 5-5 which determine the
second and sixth entries of Table 5-3 we estimate as ± 60.
The other boundaries are much more speculative and are known
no better than ± 12*. The maximum and minimum values of R
indicated in Table 5-3 are calculated from these limits of
uncertaintv.
Given the orientations of the runs plotted in Figure 5-1
and their dominant slip systems as indicated in Figure 5-5,
predicted values of the applied flow stress ratio T (equation
2-15) can be determined and compared to observed values of T
as revealed by the mechanical data (Figure 5-2). Such
calculation and comparison has been made in Table 5-4. In
Table 5-4 we use (010) [100] as a common slip system A (equation
2-15) so that observed T values can be read from Table 5-2 and
values of R for use in equation (2-15) can be read from Table
5-3. Condition (2-11) is satisfied for all runs except runs
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Figure 5-5
Preference for slip system as a function of orientation.
in olivine, based on data from shape change, lattice
misorientation, and dislocation structure. Solid
lines delineate regions of dominance by the labelled
slip system. Portions of the (110) c, (101) c ' and
(011) are dashed in for reference. T = 1600 0C only.
Uncertainty in the (010)(1001 - (010)[001] boundary
and (001)[100] - (011)/(021)[100] boundary is ± 6*.
Uncertainty in the remaining boundaries is ± 12*.
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Table 5-3
FLOW STRESS RATIOS
T
Slip System B
T
(010) [100]
(010) [001]
(041) [100]
(021) [100]
(011) [100]
(6) (001)[100]
(slip system (010)[100])
(slip system B)
1.000
.67 (max)
0.53.40(min)
.78
0.68.54
.67
0.54
.38
.64
0.47.30
.66
0.4628
(1)
(2)
(3)
(4)
(5)
Table 5-4
Gslip system B
APPLIED FLOW STRESS RATIOS, T = 10) [100]
PREDICTED VS. OBSERVED
T(equation 2-15)**
Run Slip System B
$B
(0)
45
54
48
47
38
50
4-976
62
54
54
54
36
48
50
48
45
xB
(0)
45
42
42,
54
54
57
45667
57
57
57
57
65
49
68
49
45
* for e = 5 x
R (Table
median
1.00
0.54
0.47
0.54
0.47
0.68
0.68
1.00
1.00
1.00
1.00
1.00
0.53
1.00
0.53
0.46
10- 5/sec
5-3)
max
1.00
0.67
0.64
0.67
0.64
0.78
0.78
1.00
1.00
1.00
1.00
1.00
0.67
1.00
0.67
0.46
pred
median min
1.00
2.20
2.14
2.46
2.35
2.32
3.28
2.36
1.77
1.77
1.77
1.63
2.23
2.54
2.23
2.17
1.00
1.77
1.57
1.98
1.72
2.02
2.86
2.36
1.77
1.77
1.77
1.63
1.76
2.54
1.76
1.52
obs
1.00
1.00
1.3
1.6
1.9
1.5
1.1
1.1
1.1
1.2
1.6*
1.5*
1.6*
1.27
pred
Sobs
median min
1.00
2.20
2.14
1.89
1.81
1.45
1.73
1.57
1.61
1.61
1.61
1.36
1.27
1.69
1.27
1.71
1.00
1.77
1.57
1.52
1.32
1.26
1.51
1.57
1.61
1.61
1.61
1.36
1.10
1.69
1.10
1.20
*obs
X
*pred
median miin
1 .00
17.1
15.5
9.9
8.4'
3.8
7.1
5.1
5.5
5 .
5.5
3.0
2.3
6.7
2.3
6.9
1.00
7.8
5.1
4.5
2.7
2. 3
4.4
5.1
5.5
5.5
5.5
3.0
1.4
6.7
4
1.9
** for (010) [100] as slip system A, at the [110] orientation ($A=XA=4 50 )CAA
(010)
(021)
(011)
(021)
(011)
(041)
(041)
(010)
(010)
(010)
(010)
(010)
(010)
(010)
(010)
(001)
[110] c
7407-3
to
74 0:- 7
7411-1
7407-5
7410-2
7407--l
7407-2
7412-2
7407-6
7410-4
741U-5
7410-6
[lD ) c1ot1
[100]
[100]
[100]
[100]
[100]
[100]
[100]
[100]
[100]
[100]
[100]
[100]
[001]
[1.00]
[001]
[100]
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7410-4, 7410-5, and 7410-6 where the ia 5 is a poor match to n
= 3.6 for (010)[100]. For those three runs the comparison of
predicted to observed T in Table 5-4 is valid only at c = 2 x
10 -5/sec, chosen as a typical shortening rate.
Table 5-4 reveals poor agreement between observed and
predicted flow, the observed flow at a given k occurring at
stresses a factor of 1.3 to 2.2 below expected stresses. For
n = 3.6 this means flow at a given stress proceeds 3 to 17
times as fast as expected. Even at the limits of R in Table
5-4 flow-proceeds 1.4 times-as fast as expected for the two
runs dominated by (010)[001] slip but 2 to 8 times as fast
for all other runs.
Secondary slip is an implausible explanation for the
anomalously soft flow. Our slip system analysis, while in-
exact, cannot overlook a slip system which has accounted for,
say, 80% of the total deformation in a sample. Nor can
Nabarro climb of edge dislocations be expected, based on the
results of the "45*" orientation runs, to contribute to
more than 20 to 40% of the total shape change.
There is an excellent correlation between anomalous
softness and the appearance of the (100)[001] slip system.
Samples 7407-3, 7407-5, the [101]c runs, and 7410-7 are the
most anomalously soft entries in Table 5-4. All but 7410-7
have given direct evidence for b [001]. A .(100) glide plane
for b = [001] is evident in 7407-3 and the [101] c runs and is
considered more likely than (010) in 7407-5. As 7410-7 is
oriented between 7407-5 and 7407-3 we suggest that (100)[001]
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operated in that sample as well.
We conclude that slip on (0]t)(100] is catalyzed by the
presence of dislocations of a (hk0)[001] slip system. The cause
of the catalyzation is uncertain at this point but may be related
to the ease of dislocation climb in a homogeneous mix of
(001)[100] and (100)[001] edge dislocations. We shall discuss
this possibility in Chapter VII where that temperature dependence
of the deformation experiments is compared formally to the tem-
perature dependence of dislocation climb in olivine.
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Chapter VI
DISLOCATION MICROSTRUCTURE IN OLIVINE
VI.A. Introduction and Brief History of the Decoration
Technique
The discovery of a simple technique for decorating dislo-
cations in olivine (Kohlstedt et al., 1975b) has aided immeas-
urably in interpreting our creep results and in-making compar-
isons to naturally deformed olivine. The observations in
this chapter are based on optical microscopic examination of
decorated sections and to a lesser extent on transmission
electron microscope (TEM) study. Because the decoration tech-
nique does not always provide positive Burgers vector identi-
fication and because of the limitations of the TEM (Kohlstedt
et al., 1975b), some of the observations that follow are incom-
plete or speculative, We present them because we feel that
the decoration technique will prove to be a key tool for under-
standing the microdynamics of dislocation moticn in a geo-
physically relevant and experimentally accessible class of
8 -2deformed olivine (dislocation density (p) < 10 cm ).
The nature of the oxidation reaction which causes all dis-
locations in olivine to become decorated is described in
Kohlstedt and Vander Sande (1975) and Kohlstedt et al. (1975b).
The reaction induced in the laboratory is similar to the-
reaction which can occur over longer periods of time in natural
settings. In fact, it was the observation of the peculiar
morphology of the common olivine alteration product iddingsite
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(Deer, Howie, and Zussman, 1962, vol. 1, p. 18) in a perido-
tite sample from Nunivak Island, Alaska which led C. Goe'tze
(personal communication) to suggest that disloQations might
become decorated by iddingsite in the laboratory. Our first
attempt at open air heating met with success.
Very little of our "discovery" is the result of new tech-
niques or observations. The morphology often taken on by
iddingsite has long been known to geologists and in fact
J. P. Iddings (1892), for whom the phase is named, made refer-
ence to its fibrous appearance. Furthermore, Champness (1970)
has knowingly induced the reaction in the laboratory for
the purpose of studying its chemistry. Champness mentions
the fact that the reaction nucleates preferentially at dislo-
cations. Our contribution has been that we recognize the
potential of the decoration scheme as a tool for studying dis-
location structures in olivine. Not only is the treatment
more effective than others that have been tried on olivine
(Young, 1969; Carter and Ave'Lallement, 1970) but it is con-
ducted at sufficiently low temperatures (900 0C) and for suf-
ficiently short durations (1-2 hours) that recovery effects
will not cause any changes in the dislocation structure which
can be detected optically (Goetze and Kohlstedt, 1973).
VI.B. The "Fingerprint" Microstructures
We have noticed in the examination of decorated sections
from the 45*" orientarion experiments a strong similarity
between dislocation structures in similarly oriented samples
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even though the strains induced in thcze samples were consider-
ably varied. The constancy of the several structures suggests
that they may be diagnostic of the mode of flow which occurred.
In fact, observations of patterns of dislocations or "finger-
prints" has been used occasionally in this thesis to identify
the operative slip systems in the odd orientation samples
(Table 5-2).
Thus, we categorize and describe in this section five
structures repeatedly observed in our deformed single crystals.
Burgers vector identification is occasionally based on comple-
mentary TEM work, but more often is based on knowledge of
operative slip systems as inferred from shape change. For
instance, if we know that a section is parallel to a plane of
plane strain, then all dislocation segments which lie in that
plane must be screw dislocations. Dislocations not lying in
the plane of plane strain have an edge component and, if they
are assumed to be glide dislocations, their glide plane normal
must be parallel to b x 1. If the dislocation can be traced
to a screw segment, the glide plane is identified.
Because positive slip system identification has not been
made, the fingerprint structures are categorized by the orien-
tation with which they are associated. The final structure
described in this section is associated with the odd orien-
tations and is given the label "[100)-organization".
VI.B.l. [110]c Orientation
A typical plane strain section from a [110]c oriented
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sample is shown in Figura 6-la. We suspect on the basis of
the odd orientation analysis (Chapter V) that the -(010)[100]
slip system dominated. Figure 6-lb shows a typical (010),
plane, presumed to be the glide plane. In Figure 6-2, we show
typical views of the glide plane as photographed by TEM. On
the basis of the observations of sections typified by these
photographs, we make the following statements:
7 -2(1) Of the total dislocation density, p = 1-3 x 10 cm ,
roughly 80% are b = [1001; most of the remainder are b = [001]
(based on TEM).
(2) For the b = [100] dislocations 1 < p/p s < 5 where
pe and ps refer to dislocations which are principally edge
and screw, respectively (based on TEM, decorated plane strain
and glide plane sections).
(3) In the decorated plane strain section, the b = [1001
edges are more visible (i.e. more heavily decorated) than the
[100] screws; in the glide plane section the screws are more
visible than the edges.
(4) Most of the b = [100] edges are in fact very pure
edge. They are long, straight, and seem to form planar arrays
parallel to the glide plane. Glide pileups are not obvious;
rather it seems that they are regularly spaced roughly 2-4p
apart in planes which are 2-5p apart (evident in both the plane
strain and glide plane decorated sections).
(5) The b = [100J screw segments are generally not straight
but tend to be bowed out in classic fashion (Hirth and Lothe,
1968, chpt. 16) between pinning points or between trailing
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Figure 6-1
Decorated sections, [110]c orientation:
(a) Plane strain section from sample 7506-2,
e = 29%. a1 directed N - S.
(b) (010) plane section from sample 7501-6.
E = 1.5%.
Shape change analysis indicates single slip on
(Okl)[l00]. Figure (b), revealing numerous glide loops,
indicates the slip plane is (010). The screw
dislocations (N - S in Figure (b)) are bowed out while
the edge dislocations (E - W) are -longer, straighter,
and more difficult to see. In the plane strain,
primarily edge dislocations are visible and appear
end-on, arranged in rows parallel to the glide plane.
11663
-'0011
20O4
( b)
Figure 6-1
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Ficrure 6-2
TEM micrograph of glide plane section from sample
7501-6, oriented [110] . Features should be compared
to those of Figure 6-lb.
ii
g=o[400
Figure 6-2
-110
Figure 6-3
Decorated plane strain section, high T [C11C
orientation sample 7501-7, e = 42%, at two magni-
fications:
(a) Show3 the pervasiveness of the pattern.
Subgrain boundaries are widely spaced.
(b) Shows details of the pattern. b = [100]
screw dislocations, heavily decorated, are generally
straight and are terminated or interrupted by cusps.
b = [001] screw dislocations are more lightly
decorated and less dense. Edge dislocations appear
end-on.
II
(b)
Figure 6-3
ill
Figure 6-4
Decorated (001) plane section, high T [101]
orientation sample 7407-7, = 27%. Glide loops of
(001)[100] dominate the field of view. Note the
straightness of the screw segments, corresponding to
Figure 6-3b, and the "zig-zag" nature of the edge
segments. The sample exsolved a number of impurities
during the run, possibly particles of pure Fe, which
are visible here as black speckles. Note the lack
of interference of the particles with the dislocation
structure.
Figure 6-5
Decorated (100) plane section, high T [101]
orientation sample 7407-7, c = 27%. Comet-like
features are b = [100] screw dislocations dipping
steeply to the left. Glide loops involving
b = [001] are not present.
ii
1100
204
[010
0I
20.A
Figure 6-4
Figure 6-5
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Figure 6-6
Decorated plane strain section, low T [101] orien-
tation sample 7406-1, e = 8%. b = [100] screw and
edge dislocations are segregated in bands parall1a
to (100).
Figure 6-7
Decorated (001) plane section, low T [101]c orien-
tation sample 7406-1 (same as in Figure 6-6). As in
Figure 6-4, (001) is revealed to be the glide plane
for the b = [100] dislocations. Note the zig-zag
nature of the edge dislocations and the segregation
of edge and screw bands.
ii
Figure 6-6
o01]
Figure 6-7
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Figure 6-8
TEM micrographs of plane strain section, low T [101]
orientation, sample 7406-1. Same area photographed at
diffracting conditions g = [001] and s = [100].
b = [001] screw dislocations, not visible in the
decorated section (Figure 6-6) do in fact exist in
the section.
g=[004)
(a)
g=(00
(b)
Figure 6-8
A
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Figure 6-9
Same section as Figure 6-7. Detail of edge band clearly
revealing the <110> trend of the zig-zagging edge
dislocations.
II
1ff0][IO]
Figure 6-9
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Figure 6-10
Decorated plane strain section, [011] corientation
sample 7406-2, c2 = 21%, at two magnifications.
The dark lines parallel to [001] are subgrain walls
in the (010) plane. The (010) walls are at least
partially contiguous, as shown at A in the detail
of Figure b. Note that individual end-on dislocations
(b [100] screws?) can be seen in some of the
(010) walls in Figure b.
Eo1o]
.1 mm
(a)
20,~
(b)
Figure 6-10
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Figure 6-11
Decorated (010) plane section, [011]C orientation
sample 7406-5, E= 15%. Glide loops indicate
(010)[001] slip system. Long and straight b = [001]
screw dislocations, poorly visible in the plane
strain section (Figure 6-10), appear to be more
dense than the edge dislocations which generally
have a bowed out appearance. The anomalous feature
at A, if it is related to the (010) plane walls and
the feature shown in Figure 6-12, may be a tight
array of b = [100] screw dislocations overlying the
b [001] screw dislocations to form a twist boundary.
If so, the short length (~5p) of the b = [100] screw
is difficult to explain. Features such as that at
A appear frequently in the glide plane. The short
dimension of the feature along [100] is typical.
.00
Figure 6-11
2 0p
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Figure 6-12
TEM micrographs of plane strain section, odd orien-
tation run 7410-6 with deformation similar to [011]C
orientation, e = 6%:
(a) Commonly observed feature, probably
corresponding Lo the (010) walls in the [011]
decorated section, is resolved to be a twist boundary
of b = [001] screw dislocations (trending N - S) and
b = [100] screw dislocations (trending E - W) which
are barely visible at this diffraction condition.
Dislocations standing out sharply at irregular
intervals along the twist boundary are of b = [010]
and [001].
(b) Same feature as in Figure a, thought to be
an "apex" of the contiguous (010) walls, such as
that shown at A in Figure 6-10b. Two adjacent twist
boundaries are apparently joined by sharing common
b = [100] dislocations which loop from one twist
boundary to the next. At the bridge between adjacent
boundaries the b = [100] dislocations have an edge
character with line direction 1 = [010]. At the
diffraction condition of the micrograph, b = [100]
screws are out of contrast but the b = [100] edge
dislocations with line direction 1 = [010] remain
in contrast.
i=[004
(a)
g =[004]
(b)
Figure 6-12
118
Figure 6-13
Two views of [1001-organization in experimentally
deformed single crystals:
(a) From run 7412-1(4), E = 11%, a ~ 250 bars.
7 -2p ~ 10 cm
(b) From run 7407-5, c = 20%, a ~ 500 bars.
8 -2p ~ 10 cm.
'** 10 0
, o0"
(a)
loo
[010
.I mm
(b)
Figure 6-13
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[1001-organization as seen by TEM. b = [100] edge
dislocations (line direction not determined) can be
seen clearly "peeling" off a tilt boundary and
becoming screw dislocations.
g=[400]
Figure 6-14
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Figure G-15
A series of like-sign (100) tilt boundaries forming
a "fan" in a [1001-organized grain of Twin Sisters
dunite. Viewed between crossed polarizing filters,
the extinct region is the dark horizontal band across
the center of the grain. Note that it is offset
slightly by a vertical crack. The extinct region
sweeps from A to B during an ll* clockwise rotation
of the section. Dislocation density is too high
for measurement in decorated section and is estimated
8 -. 9 -2
as 10 - 10 cIm
II
.25 mm
Figure 6-15
II
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Figure 6-16
Oblique view of [1001-organization, sample 7410-7,
E = 11%. Dislocations concentrated at A and C lie
close to the plane of the photograph but dip slightly
(< 30*) to the right. They are assumed to be b = [100]
edge dislocations and would appear as tilt boundaries
if viewed at a different angle. Central region B
consists of dislocations dipping steeply to the left
and are assumed to be b = [100] screw dislocations.
They resemble the "comet-like" features in Figure 6-5.
The edge dislocations at A and C appear wavy rather
than straight but do generally trend along a given
direction. If the dislocations at A and C lie in
the (100) plane, then those at A trend 65 ± 5* from
[001] and those at C trend 40 ± 5* from [001].
Figure 6-16
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b = [100] edge dislocations. This shape 'should be contrasted
with the very straight screws of the (001)[100] slip system
(see below) whose length is interrupted only by an occasional
cusp (from the glide plane decorated section).
VI.B.2. [101] c Orientations
More [101] c oriented samples were deformed and more decor-
ated sections from these samples were studied than for any
other orientations. For this reason, and perhaps because the
structures formed are easier to interpret, these structures
are the best understood of the several described in this chap-
ter.
There are two distinct dislocation structures formed at
the [101] c orientation, one associated with T = 1600*C and
lower stresses, the other associated with T < 1350*C and higher
stresses. We shall refer to these as the "high T" and "low T"
[101]c structures, respectively.
The "High T" [101]c Structure
We found by the analysis in Chapter IV that these samples
deformed by primary slip on (Okk) [100], secondary slip on
(hkO) [001], and dislocation climb. In Figures 6-3, 6-4, and
6-5 we show typical decorated views of the plane of plane
strain, the (001) plane, and the (100) plane. We make the
following observations:
(1) p(b = [1003)/p(b = [001]) 2 to 10. This is implied
by the plane strain view (Figure 6-3) and confirmed by the good
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visibility of glide loops o, the (001) plane section (Figure
6-4) and the lack of glide loops in the (100) plane section
(Figure 6-5). We note that (110) [0011 glide loops should be
as easy to see as (100)[001] glide loops in the (100) plane
section due to the small angle (25*) between the (100) and
(110) planes.
(2) b = [100] and b = [001] dislocations mix homogeneously.
p is very uniform throughout the plane strain section.
(3) p e/p < 1, b is not distinguished (from plane strain
section).
(4) o = [100] screw dislocations are very straight and
are interrupted (or terminated in the field of view) by small
cusps at intervals of 10-25p. The cusps are small with respect
to the distance between them' (Figure 6-3). We emphasize that
the segments between cuzps are not bowed out.
(5) b = [100] edge dislocations are not pure edge on a
microscopic scale (Figure 6-4) but tend to zig-zag along direc-
tions near <110> (i.e., roughly 25* from [010]) as determined
from some of the longer segments. The macroscopic trend of
the edges is along [010].
The "Low T" [101] Structure
Typical plane strain and (001) plane sections are shown
in Figures 6-6 and 6-7. We make the following observat-ion!:
(1) p(b = [100])/p(b = [001]) is larger than for the high
T structure. b-= [001] screws are rarely visible in the decor-
ated plane strain section, although they have been observed in
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TEM (Figure 6-8).
(2) The dislocation structure is profoundly inhomogeneous.
The b = [100] dislocation have segregated according to screw
or edge sense into "plates" parallel to the (100) plane. The
plates are 5y to 100p thick and are of longer dimension (up to
1 mm) along the [010] and [001] directions. The plates appear
as "bands" in the plane strain and (001) plane sections (Fig-
ures 6-6 and 6-7).
(3) There is no tendency in the plane strain section for
dislocations within an edge "band" to group into tilt boundaries.
Further, we note in the (001) plane section that within the
edge bands the dislocations show the same <110> zig-zag along
the [010] direction that high T (001)[100] edge dislocations
show (Figure 6-9).
(4) The b = [100] screw dislocations are, as in the high
T case, very straight, although the "cusps" which appear at
high T seem to be absent.
(5) p /ps for the b = [100] dislocations is difficult to
determine due to the inhomogeneous dislocation structure. We
estimate that the ratio is approximately 1.
VI.B.3. [011] Orientation
As with the [110] - oriented samples, only the T = 1600*C
dislocation structure has been investigated. The applied
stresses during deformation were a = 600-700 bars, higher
than for the other orientations. In Chapter IV we found that
(hk0)[001] slip dominated the deformation. Typical plane
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strain and (010) plane (presuimed to be at- or near the glide
plane) decorated sections are shown in Figures 6-10 and 6-11.
Details of the plane strain section have been examined by
TEM (Figure 6-12). We make the following observations:
6 -2(1) b = [010] screw dislocations are scarce: p < 10 cm
(none were seen in the plane strain TEM section). b = [010]
edges if present would be end on in the same section, making
them difficult to distinguish from b = [001] edges.
(2) The majority of free dislocations are b = [001]
7 -2(from TEM), and p ~ 4-7 x 10 cm (from decorated (010)
plane section). For the b = [001] dislocations p /p < 1/2
(from decorated plane section and (010) plane sections).
(3) In contrast to the dislocation structures at other
orientations subgrain walls. seem to be an integral part of
the [011] c structure. Examples appear repeatedly in the plane
strain section (Figure 6-10) as the heavy lines striking
parallel to (010). The lines (i.e.,walls) are partially
contiguous, so that the actual pattern in the plane strain
section is a sharply zig-zagging line. Figure 6-12b shows a
TEM view of what we believe to be the apex of one of the
zig-zags. Figures 6-12a, b indicate that the walls are com-
posed of [001] screw dislocations and [100] dislocations
which, when they lie in the (010) plane, are screw dislocations.
Thus the walls are, in the region away from the apexes of the
zig-zags, simply a twist boundary of [100] and [0011 screw
dislocations, a well known low energy configuration of dis-
locations (McClintock and Argon, 1966, p. 131). Close examina-
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tion of the (010) plane section reveals tight arrays of paral-
lel dislocations running in the [1001 direction overlying
dense regions of the long, straight [001] screws (Figure 6-11).
(4) As viewed in the (010) plane section, the b = [001]
screws are long and straight; the b = [001] edges closely
resemble the b = [100] screws of the [110]c orientation: they
are generally not straight, nor are they kinked macroscopically;
rather they are curved and reminiscent of the classic bowed
out shape of a pinned dislocation under stress.
(5) The b = [001] screws, which are quite visible in
the (010) plane section,are difficult to see in the plane
strain section.
VI.B.4. [1001-Organization
There is a fifth category of dislocation pattern which
has appeared frequently in the odd orientation runs and which
as we shall show is very common in natural specimens. Because
it is a structure of b = [100] dislocations, we have given it
the label [1001-organization. The basic structure is a set
of regularly spaced [100] tilt boundaries (which lie in the
(100) plane), with [100] screw dislocations filling the
space between tilt boundaries. It is probably the same struc-
ture identified by Green and Radcliff (1972a, b). We show
typical examples in Figure 6-13. The TEM view in Figure 6-14
is a closer look: screw dislocations are "peeling" out of a
[100] tilt boundary. One imagines that any given dislocation
viewed in its glide plane is a series of straight segments ter-
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minatea by 90* bends. A dislocation is alternatively a
member of a tilt boundary, a screw field, another tilt boundary,
and so on, much in the manner of b = (100] dislocations of the
low T [101]c structure but with one very significant difference.
While there is no restriction on the sign of dislocations in
the "edge bands" of the [1011c structure, all dislocations in
the tilt boundaries of [1001-organization rust be of the same
sign. Furthermore, closed glide loops of dimension comparable
to one screw field width are compatible with the [101] struc-
C
ture. However, neighboring tilt boundaries in the [100]-organ-
ization are usually of like sign; in fact, it is common to
observe a series of like sign tilt boundaries arranged in a
"fan" or "accordian" arrangement (Raleigh, 1968; Nicolas et al.,
1971) as we show in Figure 6-15. Glide loop dimensions must
therefore be several screw field widths.
We also note the following characteristics of [100]-
organization:
(1) There is no obvious correlation between p and the
tendency for [100]-organization. We see it for instance in
7 8 -2
Figure 6-13 where p = 10 -10 cm and in Figure 6-15 where
8 -2
p > 10 cm
(2) The line direction 1 of edge dislocations in adjacent
tilt boundaries do not always match. Our statement above
concerning the like sign of edge dislocations in adjacent
tilt boundaries should be more properly worded as a restriction
on the range of 1 variation from tilt boundary to tilt boun-
dary. Generally the direct observation of line direction in
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[100]-organization is difficult: the best plane for viewing
the line direction of [100] tilt boundaries is the (100) plane.
However, a [100] tilt boundary can be identified as being part
of a [100]-organization only if the (100) plane is steep
enough that several tilt boundaries can be seen. In Figure
6-16 we show what is apparently a [1001-organized structure
at a fortuitous orientation where two [100] tilt boundaries
of different 1 can be seen. Running between the tilt boundaries
are fields of [100] screws.
(3) p e/p ~ 1, based primarily on Figure 6-16.
VI.C. The Maturity of the Fingerprint Microstructures
We characterize a fingerprint structure as being mature
if it does not change over a finite range of e z. We choose
the term "maturity" in order to avoid using the term "steady
state" until its formal definition in Chapter VIII. At that
time we will indicate that the two qualities are intimately
related.
We ccnclude that the following patterns have reached
maturity:
(1) [110]c -- plane strain sections from samples 7406-3
(E at 1600 0C ~ 10%), 7506-1 (c = 21%) and 7506-2 (e = 29%)
are indistinguishable on the basis of microstructure.
(2) High T [101] c -- plane strain section from samples
7404-1 (E = 25%), 7407-7 (2 = 27%), and 7501-7 (=42.4%)
are similarly indistinguishable.
(3) [1001-organization -- because this structure occurred
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primarily in the odd orientation samples, we do not have two
samples of the same orientation but different c to compare.
We observed a significant amount of [1001-organization in
samples 7407-3 (c = 31%), 7407-5 (e k = 20%), 7410-2 (s = 13%),
7410-7 (6 = 11%) and 7411-1 (e = 12%). Variation in the
orientations of the several decorated thin sections makes
quantitative comparison difficult, but we observe no variation
in (100) tilt boundary spacing nor in total p which can be cor-
related to E Y.
We are uncertain of the maturity of the remaining two
fingerprint structures:
(1) [011]c -- there are no significant differences between
the microstructures of samples 7406-2 (E- = 21%), 7406-5
(Eg= 15%), and 7501-8 (e2= 24%) but our lack of understanding
of the role of the (010) subgrain walls in the structure re-
quires that we monitor their change or lack of change over a
wider range of c . Our range of c is rather narrow and since
one of the components of the walls, b = [001] screw disloca-
tions developed from active glide loops during the deformation,
the possibility exists that the walls are densifying with
strain.
(2) Low T [101]c -- our observed range of e is between
7% (7501-3) and 8% (7406-1), too narrow for us to estimate
the maturity of the pattern.
VI.D. Low Strain Microstructure: The Incremental Strain Runs
We conducted one series of runs each for the high and
130
low T [1011c orientation, the [110]c orientation, and the [0ll]c
orientation. The results of the four series as regards develop-
ment of microstructure are summarized in Table 6-1. The study
is not complete, in that the microstructures were not followed
through to the full development of the fingerprint structures
described in section VI.B. Nevertheless, several significant
aspects of the dislocation behavior can be identified.
(1) Dislocation density is a rapidly increasing function
of strain. This is best established by the two [101]c series
5 -2
where pfree increases from a starting level of< 10 cm to
7 -2
> 2 x 10 cm within c < 0.3% (Table 6-1). The inhomogeneity
in pfree is rather severe in the case of the [011] increment
7 -2
at E = 0.33%, but the average pr is 10 cm at this strain.P free s1
(2) The fingerprint patterns are established at low
levels of strain at T = 1600*C, but this is not surprising
in light of (1) and the fact that the T = 1600*C fingerprint
structures are not complex. Figure 6-17 shows decorated plane
strain sections taken after the first strain increments of
each of the three T = 1600*C series. Each section reveals a
strong resemblance to the respective fingerprint plane strain
sections (Figures 6-la, 6-3, and 6-10). We can estimate the
degree of structural development as a function of strain:
(a) [110]c -- comparing Figures 6-17a (, = 1.5%) and
6-la (E = 29%) we see that the alignment of (010)[100] edge
dislocations on slip planes 2-5-p apart is well underway.
However, the population of the individual slip planes is not
yet at its mature level. While it is difficult to estimate p
Table 6-1
STRAIN INCREMENT RUNS
Run
Temperature
Orientation
Dislocation
a (bars) e (%)** * E k(xl05/sec) Structure
(Plane strain section)
7412-1
T = 1600*C<
[101] c
7501-4
T = 1350*C-
[101] C
252
251
253
251
(1)
(2)
(3)
(4)
(1)
(2)
(3)
778
779
776
0.12
0.63
2.9
11.1
0.06
0.09
0.21
2.67
2.65
3.19
**
0.50 ± 1
0.81 ± 1
1.62 ± 1
Figure 6-19a
Figure 6-19b
Figure 6-19c
plastic buckling
[1001-organization
-1/10 filled with'
screw dislocations
remainder unchanged
~2/3 filled
~9/10 filled
screw dislocations
shorter
more edge dislocations
- 4 x 107
2 x 107
2 - 3 x 10
p 3 x 107
severe
inhomogeneity
where filled
Pscrews =1 x 107
Ps >> Pe
p p ~ 2x 10
s e
(cont.)
p (cm-2)
Table 6-1
7501-5
T = 1600*C
[0111c
(1)
(2)
(3)
7501-6
T = 1600*C,[110] c
477
478
*
352
0.33
0.61
*
1.5
2.2
1.9
[011] fingerprint
C
pattern over < 1/2
background of
b = [001]
screws over > 1/2
quality of section
poor
severe
inhomogeneity
not checked
20 Figure 6-17a
is typical
1/2 of mature
level
(c.f. Figure
6-la)
* see data Tables in Appendix E
** plastic buckling and rolling
**± ~0.10, i.e. ± .0002"
(cont.-)
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Figure 6-17
Decorated plane strain sections after first strain
increment of three T = 1bOO0 C strain increment runs:
(a) [110]c orientation sample 7501-6, E = 1.5%.
Compare to "mature" structure in Figure 6-la.
(b) High T [101]c orientation sample 7412-1,
E = 0.12%. Compare to Figure 6-3.
(c) [011] oricntation sample 7501-5, £ = 0.33%.
Compare to Figure 6-10.
wul I
LT-9
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because of the poor visibility of b = [100] screw dislocations,
it appears that approximately half the final density of edge
dislocations are present at E = 1.5%. If dislocation multi-
plication is linear with strain, the mature structure will be
reached at 6 = 3-4%.
(b) [101]c high T -- entire decorated plane strain
sections from the starting material and from the first three
strain increments are shown in Figures 6-18 and 6-19. The
greatest change in free dislocation structure clearly occurs
after the first increment (c = 0.12 ± .06%). Thereafter,
the development involves the destruction of existing subgrain
walls (see below) and the beginning of plastic buckling
(Appendix B). There is little sign in any of the sections of
b = [001] screw dislocations despite the rapid development of
the b = [100] dislocations. We leave this observation unex-
plained and estimate on the basis of the first increment that
the mature structure will certainly be reached by . = 4%.
We note that although the third increment reached e = 2.9%,
it is likely that a significant portion of the shortening
arose from plastic buckling (Appendix B). The finely spaced
b = [100] tilt boundaries exist at either end of the sample
(Figure 6-19c) and the characteristic "S" shape can be seen.
Furthermore, the microstructure in the middle region of the
section, distant from the areas affected by the buckling,
is difficult to distinguish from the microstructure estab-
lished after the first increment.
(c) [Oll] -- the structure after the first increment
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Figure 6-18
Decorated (010) plane (anticipated plane strain)
section cut from high T [101]c orientation sample
7412-1 prior to the first increment of strain.
The heavy feature cutting the upper- middle portion
of the section is a crack. Starting San Carlos
structure is similar to the (010) plane section in
Figure 2-2b. Note the well-established subgrain
walls and the inhomogeneity in the dislocation
densities within the subgrains.
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Figrure 6-19
Decorated plane strain sections, high T [101] orien-
tation sample 7412-1 after each of three successive
strain increments. Note the rapid buildup of free
dislocation density:
(a) c = 0.12% (shown in detail in Figure 6-17b).
Note the homogeneity of the free dislocation structure.
(b) E= 0.63%.
(c) E= 2.9%. Starting subgrain structure
(Figure 6-18) is nearly erased while free dislocation
structure still resembles that of Figure a. The
gentle "S" shape and finely spaced (100) tilt
boundaries at either end of the sample mark the
beginnings of plastic buckling (Appendix B),
II
I mm [001]
[1001
.........  - -
Al
(b)
(a) Figure 6-19 (c)
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(C = 0.33%) is not homogeneous and the fingerprint pattern
as-illustrated in Figure 6-17c is typical of less than one-
half of the plane strain section. However, because p is
inhomogeneous also we suspect that the e is not uniformly
distributed through the sample. Thus, the fingerprint organi-
zation is probably well underway by EZ = 0.6%. Until the
mature fingerprint pattern, if it exists at all, is better
characterized, we can't estimate the degree of maturity of
the pattern shown in Figure 6-17c.
(3) The starting microstructure is erased at very low
strain. This is evident in the high T [101]c sequence
(Figures 6-18 and 6-19). What was once a fairly sophisticated
subgrain structure (Figures 2-2b and 6-18) begins to vanish
with the first 0.1% of shortening. By e = 2.9% (which
because of the plastic buckling is more likely comparable to
E= 1 - 2%) most of the subgrain walls which remain are in
the (100) plane, possibly associated with the'active Burgers
vector. The identical situation exists for the [110]c run
at e = 1.5% (not shown): approximately 80% of the remaining
subgrain walls lie in the (100) plane. Within the inhomogene-
ous structure of the [Oll]c plane strain section at c = 0.33%,
subgrain walls (except for the (010) plane walls which are a
part of the fingerprint structure) have vanished from those
regions where the fingerprint pattern exists.
(4) Sources of b = [100].dislocations are not a problem
at T = 1600 0C. The best evidence for this is again in Figure
6-19a. Free dislocations appear uniformly across the section.
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Individual dislocations have not travelled large distances,
judging from the 10- 2 5p length of the straight screw disloca-
tions. Thus the volume seems filled with a nearly uniform
distribution of sources whose activation does not limit the
overall deformation of the crystal. The [110]c increment at
e Y = 1.5% is consistent with this conclusion, but sections at
lower E are necessary to give it stronger support.
We suspect that the activation of sources does in fact
control the deformation at some 6 < 0.1% when the very first
sources begin producing dislocations. It is not likely that
all sources become active the instant a is applied, so that
theoretically we should be able to stop the experiment at a
very low c and see an inhomogeneous dislocation structure.
(5) Sources of dislocations do control the deformation
at low but measurable strains for the [011]c and low T [101]c
orientations. In the latter case (Figure 6-20) the sources
of the first mobile dislocations are either the surfaces of
the crystal or subgrain walls in the starting structure.
Thereafter the mobile dislocations themselves become sources,
as indicated by the gradual spread of the region taken over
by the long b (100] screw dislocations (not shown). By
E = 0.24% p is within a factor of two of its higher strain
level and sources probably cease controlling the rate of defor-
mation.
We observe an inhomogeneous structure in the [0ll]c incre-
ment at e = 0.33% but because we do not have a satisfactory
view of the structure at higher e , we cannot identify the
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.Figure 6-20
Decorated plane strain section, low T [101] orien-C
tation sample 7501-4 after first increment,
s = 0.06% ± .06%, showing severe inhomogeneity of
dislocation structure at very low strain. Fresh
b = [100] screw dislocations are terminated at
pre-existing subgrain walls and at the free surface
of the crystal along the upper edge of the photograph.
a1 directed E - W.
Figure 6-21
Decorated plane strain section, low T [101]c orien-
tation sample 7501-4 after third increment,
= 0.21%. b = [100] edge and screw dislocations
have not yet begun to segregate in the manner of
Figure 6-6.
Figure '6-20
100 [00
.I mm
IO] (00O
-1 mm
Figure 6-21
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sources. We are also unable to identify the level of i at
which sources cease controlling the deformation, but we sus-
pect it would be near the level at which the fingerprint
structure covers the entire crystal, estimated above to be
at E 0.6%.
(6) We note that after the third increment of strain
(E = 0.24%) of the low T [1011c series the edge and screw
dislocations have not yet begun to segregate (Figure 6-21).
The fingerprint structure is considerably more sophisticated
than any of the T = 1600*C structures and presumably would re-
quire more e to become established. We know at least that
the segregation is underway at s. = 7%, from the "4 5 *" orien-
tation run 7501-3. We cannot identify the point below E = 7%
where the process begins. In fact, as we pointed out in the
preceding section, we are uncertain that the low T [101]
fingerprint pattern described in that section does not con-
tinue to change with strain.
VI.E. Dislocation Structures in Naturally Deformed Olivine
The decoration technique has provided us with a convenient
means of examining dislocation structures in naturally as
well as experimentally deformed olivine. The technique is a
valuable complement to optical microscopic and TEM studies
conducted by others on naturally deformed samples (section
I.B.4.) because it allows us to study structures of low dislo-
cation densities and to examine dislocations in a large volume
of material.
141
The evidence in the proeceding sction that profound
changes in dislocation structure can be produced by subtle
amounts of deformation suggests that detailed comparisons
of natural and experimental dislocation structures be made
advisedly. In this regard mantle derived xenoliths, which are
18 -2usually characterized by p < 10 cm and which may have
been subject to differential stresses in traveling from the
mantle to. the surface of the earth, present dislocation struc-
tures which must be considered notoriously ambiguous if one
is seeking information about mantle flow.
With the rationale that natural microstructures must
reflect some aspects of deformation in natural environments,
we illustrate and interpret in this section three types of
features which appear frequently in decorated sections and
which are difficult to detect by other means of examination.
These observations are based on studies of decorated sections
from approximately thirty olivine bearing rocks from both
intrusive bodies and from xenoliths. .
(1) [100]-organization dominates the microstructure of
most grains of most rocks, confirming the observation first
made by Raleigh (see Chapter I) that (k)[100] slip systems
dominate natural deformation. The structure is persistent in
most of the intrusive rocks and may be slightly less frequent
in xenolitns. In this respect our San Carlos peridot starting
material is quite unusual, showing very little [100]-organiza-
tion (Figures 2-2, 6-18). We observed [1001-organization at
7 -2p < 10 cm in a xenolith from the Salt Lake Crater, Hawaii
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9 -2and at unmeasurable high p, likely > 10 cm , in several
intrusives from the French Pyrenees (courtesy of Y. Caristan).
Examples of this structure appear in Figures 6-23 to 6-25.
We show for the sake of interest in Figure 6-22 a section cut
parallel to (100) through a [100]-organized structure. Screw
dislocations viewed end-on have apparently arranged themselves
in a close-packed formation. We have no evidence that this
formation is typical.
(2) Order-of-magnitude variations in p from grain to
grain and from subgrain to subgrain is common in a given
sample. Figure 6-23 shows a rather extreme case where p varies
8 -2 4 -2between 10 cm and 10 cm . In some cases the variation is
clearly the result of recrystallization (Figure 6-24). In-
homogeneities in p frequently occur within grains which have
recrystallized and subsequently been subjected to local stresses
at triple junctions of grain boundaries (Figure 6-25). The
variation in p cannot always be attributed to recrystallization,
however. The San Carlos starting material, for instance, shows
a variation over at least two orders of magnitude. Viewing
Figure 6-18, we suggest that the inhomogeneity in the San
Carlos structure arises from the long range stress fields of
the various subgrain walls. Those walls cause an applied
stress to become inhomogeneously distributed so that the
interiors of some subgrains feel a stress while others are ef-
fectively shielded from the applied stress. A similar phenomen-
on may explain the pockets of low p which occasionally occur
in the middle of a [100]-organized structure (not shown).
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Figure 6-22
A decorated section parallel to (100), apparently cutting
through a b = [100] screw field in a (100]-organized
struc:ure. The b = [1001 screw dislocations seen here end-
on show a tendancy to form a close packed structure,
although close packed directions are not well defined.
One might envision this structure deforming, by analogy
to bubble rafts which have a similar appearance, by
"dislocations in the dislocations." Naturally deformed
olivine from Dish Hill, Texas.
00o
20p
Figure 6-22
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Figure 6-23
Decorated section under plane polarized light
showing large variation in p in a naturally deformed
olivine polycrystal. Darker shading indicates more
decoration and hence higher p. [100]-organized
grain at left center is of p ~ 108 cm 2 while lighter
surrounding subgrains approach p = 10 cm . From
same section as Figure 6-22.
,5 mm
Figure 6-23
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Figure 6-24
Recrystallized subgrain encroaching on [100]-organized
grain ir. decorated section. Dislocations in the
recryste.llized subgrain are the same type as those
in Figures 6-25 and 6-26. Peridotite xenolith from
San Quintin, California.
Figure 6-25
Dislocations associated with local stresses at grain
corners in a recrystallized grain. Decorated section
from sane section as Figure 6-22.
.1mm
.1 mm
Figure 6-24
Figure 6-25
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We note that not all olivine polycrystalline rocks show
such variation in p. An exception is Twin Sisters dunite,
an intrusive body which shows a very constant [100]-organized
uniform structure. The fact that it also shows an exceedingly
strong preferred orientation (Christensen, 1971) indicates
that it deformed under a rather ideal, i.e., constant over- a
long period of time, set of circumstances. An important impli-
cation of these observations is that the TEM can be of only
limited value as a tool for examining naturally deformed
olivine. In most olivine bearing rocks, a representative
volume apparently cannot be expected to exist in the small area
of a single TEM specimen.
6 -2(3) Very low density, p 10 cm , structures exist which
are unfamiliar to us. Examples are shown in Figures 6-26 and
6-27. The dislocations shown in Figure 6-26 are deduced to
be glide loops of the (001)[100] slip system. They resemble
the (001) [100] dislocations we have produced experimentally
in that pure edge portions are suppressed in favor of <110>
line directions but they are different in that the screw seg-
ments are shorter than those portions which are mostly edge.
Furthermore, the screw segments are not straight, as are those
which we have produced, but are bowed to a distinct shape,
which like the <110> segment, is suggestive of lattice resist-
ence fo-rces.
The dislocations in Figure 6-27 lie on a plane between
(010) arnd (0C1), possibly (021) or (011) and thus are also
probably of b = [100]. While we have probably generated glide
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Figure 6-26
5 -2
Low densiry p ~ 2 x 10 cm of (001)[100] dislocation
loops, from the same section as Figures 6-24 and
6-25 but in a different grain. See text for discussion.
Figure 6-27
5 -2
Low density, p ~ 5 x 10 cm , dislocations which
are possibly glide loops of (021)[100] or (011)[100].
See text for discussion. Peridotite xenolith from
Salt Lake Crater, Hawaii.
k ooJ
.mm
bM
Figure 6-26
Figure 6-27
148
loops of this slip system in the laboratory, we have not iso-
lated any for comparison to Figure 6-27. We note that the
dislocations shown have a longer screw than edge component
and that the screws are occasionally cusped in the manner of
the (001)[100] screw dislocations generated in our [1011
orientation experiments.
The confinement of individal loops to very nearly a
single plane suggests alack of dislocation climb, which in
turn suggests that the loops are the result of a transient
response. The density and area of loops in Figure 6-26
indicates y ~ .01%. Our lack of knowledge of the structures
shown in Figures 6-26 and 6-27 is unfortunate because, by their
selection of glide plane and by their -morphology, they poten-
tially define a narrow range of (a, T).
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Chapter v
SUMMARY AND DISCUSSION
VII.A. Dislocation Climb in Olivine at T = 1600 0C
The activation energy for dislocation climb in olivine
has been measured by Goetze and Kohlstedt (1973) as Q = 140
30 kcal/mole. This value is consistent with the activation
energy for high T [101]c deformation, Q = 125 i 5 kcal/mole,
based on Figure 4-10 and the discussion in section IV.C.2. and
is consistent with the apparent activation energy Q ~ 125 kcal/
mole for the [110]c, [011]c , and odd orientations at T = 16000C
(Figures 4-9, 4-11, 5-3). We conclude that the deformation in
these experiments was limited by dislocation climb.
We may now with more assurance relate to dislocation
climb two unexpected features of the "45*" and odd orientation
deformation experiment:
Nabarro Climb
In the presence of edge dislocations of the (001)[100]
and (100)[001] slip systems a pure shear plastic deformation
will occur which contributes only to-the small strain compo-
nents E11 and c (lattice coordinates). The deformation
must result purely from climb motion of dislocations, perhaps
in the manner suggested by Nabarro (1967) and illustrated in
Figure 4-2. Decorated plane strain sections from the 1600*C
[101]c orientation runs (Figure 6-3) indicate that the ar-
rangement of b = [100] and b = [001] edge dislocations is
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indeed intermixed as suggte> by NaTbarro. The density of b =
[100] edges may be higher than that of b = [001] edges. The
density of the secondary slip system Burgers vector b = [010] is
noted to be exceedingly low in all sections of the [110]c and
[011]c orientation runs, again consistent with the Nabarro model
and the observation that significant pure shear strain did not
occur at those orientations.
The on-axis runs indicate that at starting dislocation den-
sities (p) glide sources are much more active than the Bardeen-
Herring climb sources (Bardeen and Herring, 1952, p. 277) sug-
gested by Nabarro. This leads us to conclude that p will be more
under the control of glide sources than climb sources at all ori-
entations away from on-axis. Thus the relationship between climb
stress and climb strain is likely to be non-unique, as one may
need to know the resolved glide stress in order to determine p.
Weertman (1968) shows that the creep rate for a given p
under Nabarro climb is
21TpD ()
N 10 kT
where a = a1 -3, D is the lattice self-diffusion coefficient,
-24 3
and Q is the atomic volume, taken as 20 x 102 cm in olivine.
-12 2Using T = 1600*C, D = 1 x 10 cm /sec (Goetze and Kohlstedt,
7 -21973), and a typical density of 0 = 3 x 10 cm , we find that
at a = 300 bars, (N = 4 x 10 /sec. The appropriate shorten-
ing rate at the [101]c orientation is / = N/22 x 10 /sec
(equation 2-5), roughly two orders of magnitude below the ob-
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served shortening rate at . = 300 bars (Figure 4-1). This does
not agree well with the shape change indication that iclmb
prir.ary slip .2 for the [101] orientation (Figures 4-4 to
4-6).
The discrepancy is not the result of a poor choice of para-
meter values in equation (7-1). We show this by doing essen-
tially the same calculation but in slightly altered form. The
ratio P of climb velocity in the presence of a shortened dif-
fusion path, on the order of p-1/2 in the Nabarro model, to that
in the presence of a longer diffusion path L, say, the subgrain
spacing, is expected to be
P = log(L/b)/log(1/2bp1 / 2 (7-2)
where b is the magnitude of the Burgers vector (Weertman, 1968).
Taking typical values L = 100y, b = 5 x 10~ cm, and
p = 3 x 10 cm , we find P = 1.6 so that in fact the predicted
climb velocity enhancement in the Nabarro model is not profound.
Catalyzed (Okk)[100] Slip
We suggest that the anomalous softness of odd orientation
samples located in the vicinity of the [101] c orientation was
the result of the enhancement of climb controlled (Okk)[100]
slip in the presence of (hk0)[001] edge dislocations. The
(hk0)[1001 dislocations provide the shortened diffusion path
for vacancies emitted and absorbed by climbing (Okk)[100]
dislocations in the manner of the Nabarro climb model.
We have found that the predicted increase in climb
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velocity in the Nabarro model falls considerably short of the
observed velocity increase. in the case of climb controlled
dislocation glide, the disparity between the observed increase
in the strain rate (by a factor of 10 or more) and the predicted
increase in climb velcoity, P = 1.3 if we use a density of
6 -2'b = [001] edge dislocations of 10 cm in equation (7-2), is
not so troublesome. Presumably only a small fraction of the
total length of b = [100] dislocations need climb around glide
obstacles at any given time, so that an increase in the average
climb velocity by a factor of 1.3 may permit a much larger in-
crease in the average glide velocity.
VII.B. Slip Systems in Olivine
VII.B.l. Summary of Experimental Results
The presence of unbound edge dislocations (i.e., those
not contained in tilt boundaries) indicates that the following
slip systems operate in olivine at T = 1600*C:
(010)[100] (Figures 6-lb, 6-2)
(001)[100] (Figure 6-4)
(010)[001] (Figure 6-11)
(The shorthand notation used in Chapter III is not in effect
here.) The shape change at the [101]c orientations implies
that another slip system of the form
(hk0) [001], h / 0
operates. Shape change and bound edge dislocations imply
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indirectly that the following slip systems may operate at
T = 1600*C:
(041)[100]
(021)[100]
(011)[100]
(001)[010]
(100)[010]
We have direct evidence from slip traces and slip bands that
the slip system
{110}(001] (Figures 4-13, 4-14)
operates at T < 890 0C.
At T = 1600*C, slip involving the Burgers vector b = (100]
is preferred at most orientations of a with respect to the
olivine crystal lattice (Figure 5-5). (010) is preferred as
a glide plane for [100] slip over a w.der range of orientations
of a, than are any of the other (OkZ) glide planes (Figure 5-5).
VII.B.2. Discussion
The slip systems listed above are in good support of the
results of workers who have preceded us (Table 1-1). There is
little work available in the literature for direct comparison
of our observations of slip system preference as a function of
orientation. Phakey et al. (1972) have done similar oriented
work, but at much lower temperatures and with sharply differing
results. Nicolas et al. (1973) have noted that dominance by
(Oki)[100) slip is consistent with observed preferred crystal-
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lographic orientations of cli..ine grains in naturally and ex-
perimentally deformed polycrystalline rocks, although Ave'Lal-
lement and Carter (1970) have been able to rationalize the
same observations on the basis of recrvstallization under non-
hydrostatic stress.
We can add little data to the maps of slip system prefer-
ence in (_, T, P) space, a delineation often encountered in
the literature (Raleigh, 1968; Carter and Ave'Lallement, 1970;
Raleigh and Kirby, 1970; Carter et al., 1972). We confirm
dominance by (010)[100] at highest temperatures, as these
authors have found. Our anomalous run 7501-2, while deformed
at unknown conditions of (a, s), slipped on {110}[0011 rather
than (001)[100] at T < 390*C, also in agreement with the find-
ings of others.
We cannot rule out the possibility of {0kZ}[100] pencil
glide (Raleigh, 1968; Carter and Ave'Lallement, 1970) as op-
posed to glide on distinct (Ok.) glide planes. True pencil
glide, in the sense that straight edge dislocations glide on
an infinite number of glide planes between (010) and (001) is
difficult to imagine in a crystal lattice, but pencil glide
in the sense discussed by Raleigh (1968) where the E.R. axis
of b = [100] tilt boundaries can assume any direction in the
(100) plane is distinctly possible. Our delineation of low
index glide planes in Figure 5-5, while based in part upon
observations of slip traces and the trend of b = [100] edge
dislocations in [100]-orqanized structures (e.g.., Figure 6-16),
is somewhat arbitrary. For instance, the shape change of sample
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7407-2 is indicated in Table '-2 to be the result of three parts
(010) [100] to one part (041) [100]. It is possible in this
sample that glide loops of those slip systems were not dis-
tinguished from one another, but that gliding edge dislocations
are of varying line direction such that the average line direc-
tion is on a plane between (041) and (010). The edge dislo-
cations in Figure 6-16 are in fact quite "wiggly" even though
their average line directions were identified as low index
directions. Cross slip of screw dislocations may produce
these wiggly edges. A propensity for cross slip on several
(Oki) glide planes is suggested by the arrangement of screw
dislocations in Figure 6-22. They are close packed but with
poorly defined directions of closest packing, indicating that
the stress field around a b = (100] screw dislocation approxi-
mates that in an isotropic medium, a function only of the radial
distance to the core of the dislocation (Cottrell, 1953, p. 36).
VII.C. The von Mises Problem (Paterson, 1969)
A sufficient condition that a polycrystalline material be
capable of deforming plastically is that any volume of that
polycrystal be able to undergo an arbitrary change of shape.
Under the restriction that the volume not change, the general
strain tensor c.. can be written in terms of five independent
components. The von Mises criterion states that the sufficient
condition for plastic flow is met if the representative volume
has the capacity to vary any of the five strain components in-
dependently of the other four (Paterson, 1969).
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Extensive testing of dry polycrystalline olivine in the
range of 15 to 30 kb confining pressure reveals a distinct lack
of dependence of flow upon confining pressure (references in
Figure 1-1). Flow must therefore occur without change in
volume such as would result from fracturing. Investigators into
the flow of olivine, recognizing the von Mises criterion, have
been faced with the problem of rationalizing this ductility
in light of the experimental evidence shown in Table 1-1.
Olivine is apparently capable of generating dislocations of
b = (100], [010], and [001] which means it can vary independent-
ly only three of the five strain components by means of dis-
location glide. In order that the general volume referred to
above meet the von Mises criterion, it must deform by mechan-
isms other than homogeneous slip: dislocation climb, dif-
fusional creep, grain boundary creep, grain boundary sliding,
recrystallization, and kinking have been suggested. Since
slip at most conditions of (T, T, P) results in a higher strain
rate than any of these mechanisms, one must question the rela-
tive importance of slip in predicting the rheological behavior
of, say, the earth's.upper mantle where one-or more of the addi-
tional mechanisms are presumably required.
To be somewhat more quantitative, we would suppose that the
creep strength of a polycrystal, Tc, for a given strain rate,
is a function of the flow laws of five separate mechanisms:
Tc = fl'i, T 2 ' 1T 3 T 4' T5 ) (7-3)
where
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T= g.(y.), i = 1,...,5 (7-4)
are the steady-state flow laws of five mechanisms which together
satisfy the von Mises criterion. The point made in the pre-
ceding paragraph is that iE
5' 4 " ' 2' l (7-5)
then (7-3) would become
c f(O, 0, 0, 14, T5) (7-6)
Prediction of the form of equation (7-3) given the flow
laws (7-4) has never been accomplished. It is known empirically
that in steady-state creep or in the approach thereto the func-
tion f in equation (7-3) will reflect an adjustment of the
polycrystal to favor strain on softer deformation systems
through rotation of grains and heterogeneous distribution of
strain. It is possible, though not yet proven, that in so
doing, the polycrystal will eliminate the need for flow on the
hardest of the five deformation systems, indicating that the
von Mises criterion is over-restrictive (Paterson, 1969).
Paterson (1969) suggests that general flow in the presence of
only three deformation systems may even be possible. It is
doubtful that the number can be any less than three in light of
the pronounced pressure dependence of creep strength in
materials which have only two independent slip systems, for
instance Al203 (Terwilliger and Redford, 1974) and MgO
(Paterson and Weaver, 1970) at low temperatures and graphite
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(Paterson and Edmond, 1972).
Even if the von Mises criterion is not over-restrictive,
it is at least misleading. Hobbs, Lister, and Paterson
(personal communication, manuscript in preparation) have shown
by analytical techniques that when polycrystalline quartz is
constrained to strain homogeneously, equation (7-3) becomes
such that the strain rates on the fourth and fifth hardest
deformation (slip in this case) systems are roughly 15% and 1%,
respectively, of that on the softest slip system. It seems
likely that if heterogeneous strain were allowed, the harder
slip systems would be further de-emphasized.
An important result of our work is that the flow laws
(equation 7-4) for the three independent strain components
which arise from slip in olivine are very close to one another.
It can be seen in Figure 7-1 that for fixed -'., the ,values of
T. differ by less than a factor of three. In addition, a
fourth independent strain component due to climb may have a
flow law in the same range (Figure 7-1). On the basis of the
discussion of the relaxation of the von Mises criterion we
assert that equation (7-3) becomes
Tc l'(T T2 ' (7-7)
The experiments have demonstrated that
T ~ T ~ T ~ T - T (7-8)1 2 3 4 ~ o
On the basis of our intuitive understanding of the function f,
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Figure 7-1
A possible solution of the von Mises problem in olivine.
Superimposed on the empirical flow law (Figure 1-1)
are the flow laws of the three "45*" orientations
(Figure 4-1) which contribute three of the five
independent E.. required by von Mises. A fourth
independent component may be provided by the dislocation
climb flow encountered at the [101] orientation
(dashed line). In a situation of heterogeneous strain
in a polycrystal, as discussed in the text, these four
deformation systems may be sufficient to permit poly-
crystalline flow. The empirical flow law is labelled as
"polycrystalline flow" because it falls among the four
flow laws (see equations 7-7 to 7-9).
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we conclude
T ~ T (7-9)C o
i.e. the flow law for the polycrystal should fall among the
flow laws for the individual strain components.
Since the empirical flow law (Figure 1-1) falls among the
individual flow laws for 100 bars < a1 -C3 < 1 kbar as shown in
Figure 7-1, we shall take that curve as representing, within -an
order of magnitude in , polycrystalline flow on the basis of
equation (7-9). Furthermore, by equation (7-9) we have at once
rationalized the ductility of polycrystalline olivine in terms
of experimentally demonstrated mechanisms of flow and have ex-
plained the continuity in flow law data from the polycrystalline
to single crystal experiments (Figure 1-1).
We note that the relationship (7-8) would not be expected a
priori based on our knowledge of slip systems in ceramic mater-
ials. Al2 0 3 for instance, can slip on five independent slip
systems at elevated temperatures. However, even at T/Tm - .85
the two basal plane slip systems flow at roughly one-tenth the
flow stress of the high temperature slip systems. UO2 shows a
similar high temperature plastic anisotropy (Radford and Ter-
williger, 1974).
VII.D. Implications for the Deformation Maps
Stocker and Ashby (1973) generated a deformation map for
olivine based on the theorized constituitive equations for the
several suggested mechanisms of deformation. The deformation
map delineates in (T, T) space for fixed values of other para-
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meters the regions of domina:-e by each mechanism. Each point
in the map represents, in the manner of Figure 4-12, a unique
value of 2. The map presented by Stocker and Ashby (whom we
shall abbreviate -as SA) confirmed the conclusion generally
agreed upon by those who had applied a similar but less graphic
analysis that the expected mechanism of flow at upper mantle
conditions involves the diffusion limited motion of disloca-
tions (Weertman, 1970; Raleigh and Kirby, 1970; Carter et al.,
1972). The constants used by SA in the constituitive equation
for this mechanism were influenced by the data of Carter and
Ave'Lallement (1970).
Weertman and Weertman (1975) (abbreviated as WW) constructed
a similar map but obtained their constants for diffusion limited
dislocation motion from the data of Kohlstedt and Goetze (1974),
with the result that within the field of that mechanism in the
stress range 10 to 100 bars the predicted strain rates are
1 - 1 T 510 - 10'' times faster than those of SA (comparing Figure 7
of WW to Figure 7 of SA and extrapolating the WW plot to
P = 10 kbar using V* = 50cmL/mole to match the SA plot). This
difference is reflected in our Figure 1-1. Using a stress
exponent n = 4.2 (the value used by SA), a straight line extrapo-
lation through the data of Carter and Ave'Lallement (1970) will
be 1 - 2 orders of magnitude in strain rate below the empirical
flow law at 100 bars. The empirical flow law in Figure 1-1
at a, - a, < 1 kbar is precisely that of Kohlstedt and Goetze
(1974). As a result of the higher strain rates.at low stresses
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in the WW map, the onset of oble creep or'Nabarro-Herring creep
at T/Tm > .7 is suppressed nearly an order of magnitude in
stress from the SA map to the WW map (~- 5 bars in SA to 1 l bar
in WW), and the likelihood of dominance by diffusion controlled
dislocation motion in the mantle is increased accordingly.
Since the Kohlstedt and Goetze flow law is apparently the
flow law for polycrystalline olivine at a1 - a3 < 1 kbar as
argued in the preceding section, (Figure 7-1), we are in agree-
ment with the WW deformation map. The n = 3.6 suggested by
the individual single crystal flow laws in Figure 7-1, as
opposed to the n = 3 used by WW is inconsequential in the
10 - 100 bar stress range in light of the uncertainty in the
polycrystalline flow law and the small extrapolation in stress.
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Chapter VIII
THE MICRODYNAMICS OF STEADY-STATE DEFORMATION IN OLIVINE
VIII.A. Evidence for the Steady-State
VIII.A.l. Definition of True Steady-State
The constituitive equation which relates the externally
measured parameters stress, strain rate, temperature, and hydro-
static pressure to parameters of the internal structure of a
material (y ) during plastic deformation can be written in the
form
y = y (T, T, P, y ) (8-1)
(Argon, 1975). The deformation is said to be steady-state
if all of the parameters in equation (8-1) remain constant in
a increment of strain. Since we can define T, T, and P to
be constant in a creep test, a condition of true steady-state
exists if and only if
dyi
dy= (8-2)dy jTTP
(Hart, 1970; Hart et al., 1975).
VIII.A.2. Mechanical Basis for St'ady-State
If one observes no dependence of y upon y over an extended
strain, say, from y to Ymax at fixed external conditions, i.e.,
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d~i = ,y<y<y(8-3)
dy T,TP = o < Y < Ymax
one may regard the deformation as being steady-state even
though strict adherence to (8-2). is not established. The
only rationale for concluding steady-state on the basis of
(8-3) rather than (8-2) is that if (8-3) is followed while
(8-2) is not, it does not matter anyway, as is the case when
one is interested only in the behavior in the regime
YO < y < ymax at the T, T, P conditions of the experiment.
The classic definition for steady-state creep in -metals,
for instance (see Garofalo, 1965, p. 4), is the secondary
phase of a creep test in tension during which strain continues
at a steady rate with time. Secondary creep according to the
classic curve, however, does not continue for all strain but
leads to a tertiary phase of increasing strain rate and ulti-
mate failure. Such use of the term steady-state is satis-
factory in most metallurgical applications even though the
condition (8-2) is clearly not in effect.
The matter of steady-state flow of olivine is important
to geophysicists because the upper mantle, by virtue of the
fact that it has deformed through large strains at an apparent
steady rate, is assumed on the basis of equation (8-3) to be
deforming in the steady-state regime. The extrapolation from
experimental flow to mantle flow therefore-has greater validity
if the experimental data is taken in the steady-state regime.
However. past conclusions concerning steady-state defor-
mation of olivine (e.g., Carter and Ave'Lallement, 1970) have
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been based on the observation that stress had reached a con-
stant value during constant strain rate testing, usually
through strains on the order cf 15%. The validity of this
use of equation (8-3) is questionable in light of the enormous
extrapolation in T and { from the laboratory to the mantle.
Furthermore, Hart (1970) has shown that an apparent approach
by equation (8-3) to steady-state flow during Stage III harden-
ing in constant strain rate testing turns out to be an extra-
ordinarily long (in strain) approach during which dislocation
structure, one of the y. in equation (8-l), continues to change.
Hart suggested in fact that convincing experimental evidence
for the existence of true steady-state did not yet exist.
VIII.A.3. Microdynamical Evidence for Steady-State
The mechanical results of our "45*" and odd orientation
experiments (Appendix E, Figures 4-1 and 5-2) indicate con-
formity to equation (8-3). More importantly, the observed
rapid approach of p(E z) to a nearly constant level in the
incremental strain runs and the observation of "mature" dis-
location structures are strong indications that, for some of
the runs at least, the condition of true steady-state (8-2) is
in effect. We put great emphasis upon the observations of
section VI.C. and VI.D., from which we conclude that flow at
16000C is in the true steady-state regime at c >4%, for the
[110]c, 101 ]c, and odd orientations dominated by (Okt) [100]
slip.
Implicit in this conclusion is that the only relevant
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parameters y. (equation 8-1) in our experiments are the dis-
location density p and dislocation substructure. The two may
in fact be combined to a single substructure parameter (Hart
et al., 1975). We note that-while a change in p must cause a
change in the substructure, a constant p does not necessarily
imply a constant substructure. Our low T [101]c orientation
runs illustrate this point. The increase in p between P = 0
(Figure 2-2b) and E = 0.21% (Figure 6-21) covers two orders
of magnitude, while the increase in p between E, = 0.21% and
P = 8% (Figure 6-6) is subtle in comparison. Nevertheless,
the change in dislocation structure, comparing Figures 6-21 and
6-6, is profound. Similarly it has been demonstrated in metals
that subgrain cell formation is an integral part of high
temperature creep (Garofalo, 1965, chpt. 5). Some independence
between the development of such structures and the increase
in total dislocation density with strain is suggested by ob-
servations that the density of mobile dislocations, following
a rapid increase at low strain, decreases markedly with in-
creasing strain (Garofalo, 1965, p. 173); Barrett et al., 1966;
Clauer et al., 1970)
VIII.B. Dislocation Multiplication
Consider now the runs which achieved true steady-state
deformation, the (110] c, high T [101]c, and most of the odd
orientation runs. Typically, steady-state was reached above
E ~ 4%. The corresponding strain, y0, can be approximated
by integrating equation (2-5) since c is low. For cos$ cosX
167
.5 we get
y(E =4%) = .08 (8-4)
For purposes of discussion let us characterize a crystal
undergoing steady-state deformation with a set of typical
S -4 -4
values: = 5 x 10 "/sec (y = 107 /sec), a, = 2T = 300 bars,
s
7 -2 -8 12 2
p= 3 x 10 cm , b = 5 x 10 cm, yi/1-v = 0.8 x 10~ dynes/cm
(y = shear modulus, v = Poission's ratio). The subscript "s"
refers to steady-state.
The initial buildup of dislocations from the starting den-
5 6 -2
sity of p0 = 10 to 10 cm can be rationalized by a number of
models of dislocation multiplication. Alexander and Haasen
(1968) favor a multiplication law of the form
dp = pvSdt (8-5)
where v is the velocity of a dislocation length and 6 is a
multiplication factor which decreases with decreasing effective
stress, eff:
6 KT eff= K(T-T.), K = const. (8-6)
where
= Pub 1/2 - 1/2 (8-7)
1 21r (1-v)
is the internal stress field of a random distribution of edge
dislocations of density p. The multiplication law (8-5) has
had good success in predicting yield phenomena (Alexander and
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Haasen, 1968; Hobbs et al., 1972). Such a law predicts for a
creep test an increasing p(y) and a softening of the material
up to a density of
4
p 4= ( ) (8-8)
w 9 A 2
where y reaches a maximum. With further strain, work hardening
causes j to decrease. For olivine stressed at T = 150 bars the
maximum strain rate would occur at
8 -2
p = 2.5 x 10 cm (8-9)
The strain y at which this occurs can be varied with the con-
stant K in equation (8-6). Since the multiplication law (8-5)
does not account for dislocation annihilation, a process which
surely occurs in our experiments, pw > Ps implies that the
annihilation rate matches the multiplication rate during the
softening period, i.e., $s will be reached after a period of
strain softening. Verification of this aspect of the model
is difficult based on our experimental results. The transients
in the finite strain runs are obscured by the effect of the
sharp temperature decrease which accompanies initial loading
(see section II-.E.1.). The transient in the low T [101]c
orientation strain increment run 7507-4 (Table 6-1) is a
softening, supporting the model. No transient appears in
for the high T [101] strain increment run 7412-1.
c
The model of Alexander and Haasen is based on the idea that
new dislocations themselves provide sources for additional
dislocations so that as p increases, 3p/at increases (provided
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Teff is held constant). Another type of model is one in which
there is a fixed density of sources, N, per unit volume which
produce dislocation loops at a rate determined by the local
stress T loc (van Bueren, 1959). The principal difference
between the two models is that in the latter, 3/3t stays
constant for constant T eff The fixed source model, despite
its physical difficulties (van Eueren suggests that the sources
are associated with the surface of the material), may not be
an unreasonable mechanism for the build up of the observed
structures in our samples of olivine because
(i) as we shall show, the starting density p0 can easily
provide enough sources that each source need operate only-once
during the strain y0 required for build up, and
(ii) decorated sections of the strain increment run 7501-4
(Figure 6-20) show clearly that mobile dislocations are being
generated either at the surfaces or at existing dislocations
in the subgrain walls.
To demonstrate (i), we suppose that every source produces
one loop which grows to an area A which is, say, circular.
The length of dislocation per loop is thus
i = 27/A/f (8-10)
If there are N sources per unit volume, then the total dis-
location density is p = Ni or
p = 2ffN/A7W (8-ll)
Since y = y = NAb, we find for the y, P and b values of our
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typical olivine that
7 -3
N = 4.5 x 10 cm
If the loops have a rectangular shape (e.g., Figures 6-lb,
6-4, 6-11) we would find for height/base ratio of 3,
7 -3
N = 2.6 x 10 cm
or for a ratio of 10
7 -3
N = 1.2 x 10 cm
(We note that in the last case each rectangular loop has a
circumference of Z = p /N = 2.5 cm). Given an initial density
p0 = 106cm-2 , then,we would require 10 to 40 sources/cm of
length acting once, or half as many acting twice, or so on.
Such a density of sources may not be unreasonable, especially
in light of the observation that existing dislocations in the
San Carlos material are pinned by precipitates (FJ.gire 2-3).
VIII.C. Steady-State Deformation: Rate Controlling Mechanism
VIII.C.l. Multiplication vs. Annihilation
The plausible assumption that the steady-state plastic
deformation of olivine single crystals is diffusion controlled
implies that the rate limiting step comes either during the
glide and multiDlication of dislocations (diffusion around
glide obstacles or jogs) or during the annihilation of dis-
locations, or that the limiting step relates to a playoff
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between the two processes (Weertman, 1968; Nix and Barrett,
1968; Blum, 1971). The starting point of the playoff argument
(Weertman, 1968; Nix and Barrett, 1968) is that the net
change in total dislocation density is zero, i.e.,
p = + - 0 (8-12)
p is the rate of multiplication, and p~ is the rate of
annihilation. If p and p are both functions of p, p
a decreasing function, and p~ an increasing function, then ps
will find a value which balances the competing processes.
Johnston and Gilman (1959) suggested for instance that
=ap - Sp2 (8-13)
so that
0 ap - 2 (8-14)S S
where the multiplication term
0--
p= ap (8-15)
has a form similar to (8-5) in that a is a decreasing function
of p. 6 is independent of p. A change in any of the constants
in the functions a or will have the effect of changing ps
which in general will change the macroscopic rate of flow.
The flow is thus controlled jointly by multiplication and by
annihilation processes.
Blum (1971) argues that the limiting case of the playoff
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phenomenology, T. ~ T, is likely to occur.' In this situation
the rate of annihilation controls the deformation. An increase
in the ease of glide for instance will increase the dislocation
density slightly. If that increase is not compensated by an
increase in the annihilation rate, however, T = T - T will
drop further and there will be no effect on the macroscopic
flow.
Blum suggests a self-consistent model for cell formation
during steady-state creep based upon annihilation control.
Simplified to the case of single slip, the process begins with
a uniform buildup of dislocations during the initial deforma-
tion. As p increases, a non-uniformity develops in the form
of a double pileup of edge dislocations on several neighboring
slip planes (Figure 8-1). If the annihilation rate is suffi-
ciently sluggish, these "walls" will build to the point where
the lattice distortion in the region of excess dislocations
of like sign at the wall significantly reduces the long-range
stress field in the cell between adjacent walls. When p at
the walls reaches the point where T1 ~ T, the state of stress
within the cell will be controlled by the density of disloca-
tions in the cell wall. Deformation will proceed only as
allowed by annihilation in the walls. Bluim's model is well
supported by the experimental results of Clauer et al. (1970)
on hot creep in molybdenum.
By extension of Blum's argument we can say that a decrease
in the annihilation rate with respect to the work hardening
rate increases the propensity for cell formation. Also, if
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Figure 8-1
Blum model for cell formation during creep, simplified
to plane strain. Dislocation walls (at the imaginary
double solid lines) form because of sluggish
annihilation of glide dislocations. Double pileups
of edge dislocations distort the glide planes as
indicated by the dashed line and cause a reduction
of stress in the region between adjacent walls.
Structure is stable since an increase in p at the
walls, which in turn will decrease the applied
stress within the cells and cause p within the cells
to decrease. (After Blum, 1971)
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cell formation has not occurrod and if T -C T, we would con-
clude that the deformation is not purely annihilation con-
trolled.
VIII.C.2. Application to the Experiments
All of the dislocation structures produced at T = 16000 C
are characterized by homogeneity or only low level cell struc-
ture and Ti < T. If Q = Qclimb' deformation at the stress
levels of the 1600*C runs must be under joint glide-annihilation
control by the arguments of the preceding section. We consider
each structure specifically:
The typical olivine crystal deformed at the [101]c or
[110] orientation has a uniform dislocation substructure
without any sign of cell formation. The internal stress.
72.
(equation 8-7) associated with ps = 3 x 10 cm is.1 ~ 50 bars.
Teff = T - . ~ 100 bars and is uniform throughout, confirming
that Blum's (1971) limiting case is not in effect.
At the [011] orientation the dislocation structure is
comprised of a regular arrangement of dislocation walls in the
(010) plane. In the event that the fingerprint structure is
the steady-state structure, then the homogeneous distribution
of glide dislocations and typical values T = 350 bars and
7 -2
pS = 7 x 10 cm , corresponding to Teff = T Ti 275 bars
(equation 8-7), imply a multiplication-annihilation playoff
mechanism. However, until the role of the (010) walls is better
understood, say, by studying their development with increasing
C , conclusions concerning the rate limit are speculative.
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b = [100]-organization, typical of many of the odd-orien-
tation runs and apparently of most natural samples, is an
inhomogeneous dislocation structure in that tilt boundaries
exist. The "cells" formed in this structure, however, are
distinctly different from those envisioned by Blum (1971),
in that each cell wall, a tilt boundary, is composed of one
sign of b = [100] only. Although annihilation is probably
occurring at the tilt boundaries, we have no evidence that an-
nihilation occurs only at the tilt boundaries. On the basis
of several observations, we conclude that the Blum model is
not in effect and that the deformation is under joint multi-
plication-annihilation control. Firstly, the region between
the b =[100] tilt boundaries is not characterized by low p
(Figure 6-13b). Secondly, the fingerprint structure for (010)
[1001 slip, characterized by p e/p s > 1 and very straight edge
dislocations, and the correlation between the appearance of
[100]-organization (Table 5-2) and anomalous softness (Table
5-4, c.f. samples 7407-3, 7407-5, 7410-2, 7410-7, and 7411-1)
suggests to us that the tilt boundaries form not out of slug-
gish annihilation but out of a propensity for climb of the
edge dislocations combined with their relatively (to screw
dislocations) slow glide velocity. Thirdly, the "fans"
(Figure 6-15) and accordians which occur in [1001-organized
grains in natural specimens indicate that the particular distri-
bution of sign among the ti.t boundaries is in part determined
by the bending stresses imposed by neighboring grains. This
suggests that the entire structure, including tilt boundaries,
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is mobile. The walls of glid. pileups in Blum's model are
decidely immobile.
VIII.D. Application to Steady-State Polycrystalline Flow
VIII.D.l. The Constituitive Equation
Our experimental result that Q = Qclimb and the steady-
state flow phenomenology suggested for our single crystals in
the preceding sections implies that the constituitive equation
for steady-state flow at a given stress in our experiments
is of the form
=B e D/RT (8-16)
where B is a function of a and QD =climb (Goetze and Kohlstedt,
1973) is the activation energy for self-diffusion. We empha-
size that (8-16) is a constituitive equation and not simply
an empirical relationship, and as such, allows us sound pre-
dictive power in a temperature extrapolation. We also note
that (8-16) as a constituitive equation has a very narrow
range of applicability. It holds only for those experiments
discussed in the preceding section which, by virtue of adherence
to equation (8-2), are deforming in the true steady-state:
the [110], [101] c, and several of the odd orientation samples
deformed at 1600*C. We are not certain of the [011] c orienta-
tion, doubtful of the low T [101]c, and in no case can we
comment on flow outside the range 50 bars < r < 200 bars.
On the basis of our rationalization of the von Mises prob-
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lem in section VII.C.and the :esults of the odd orientation
experiments (Figure 5-5) which indicate the tendency for flow
on slip systems described by the constituitive relation (8-16),
we anticipate that steady-state flow of polycry;stalline olivine
at T = 1600 0 C is governed by a constituitive relation of the
same form as (8-16) in the applied stress range 100 bars <
i1 - a3 < 400 bars. A more positive statement requires experi-
mental verification: fabric (preferred orientation) and tex-
ture (grain morphologies) must be found to conform to equation
(8-2). Dislocation structure during slip system mixing, a
topic given only cursory treatment in this thesis, must also
be more carefully monitored.
VIII.D.2. Rheology of the Upper Mantle
If polycrystalline flow follows a constituitive equation
of the form (8-16), then we may confidently predict the strain
rates which will result from climb controlled dislocation
motion at any temperature for 100 bars < a1 - a 3 < 400 bars
at P 1 bar. The effect of confining pressure, measured by
the activation volume V* (equation 1-1), is not likely to be
temperature sensitive, so that (8-16) is also the constituitive
equation for flow by climb controlled dislocation motion at
mantle conditions of (P, T) where the stresses fall in the
appropriate range. This conclusion has already been antici-
pated (Weertman, 1970; Raleigh and Kirby, 1970, Carter et al.,
1972; Stocker and Ashby, 1973; Weertman and Weertman, 1975) in
the absence of experimental evidence for true steady-state.
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We may make more profound conclusions as regards the
nature of deformation by dislocation motion in the upper mantle
if, as Stocker and Ashby (1973) and Weertman and Weertman (1975)
have concluded, that process does dominate flow in the upper
mantle. Subject to the experimental verification mentioned
above, the constituitive equation (8-16) governs steady-state
flow of polycrystalline olivine by dislocation motion at all
T and P and at 100 -bars < a1 - < 400 bars. Therefore, where
the stress state in the upper mantle lies in this range, the
preference for slip system in grains of a polycrystal should
be the same as for single crystals in the laboratory (Figure
5-5). Furthermore, the process of syntectonic recrystalliza-
tion (Ave'Lallement and Carter, 1970) does not occur in single
crystals in the laboratory and is therefore precluded from
occuring in the upper mantle.
VIII.D.3. Experimental Verification
Experimental verification of the suggested steady-state
behavior of polycrystalline olivine would give these conclu-
sions stronger backing. Unfortunately, several technical
difficulties arise when low stress deformation of polycrystals
is attempted. Firstly, in order to reach the high temperatures
necessary for convenient strain rates without encountering
partial melting of secondary phases, samples of pure olivine
must be used. Since such sarples apparently do not exist in
nature, a method must be devised for fabricating polycrystalline
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samples of high purity and le'7 porosity. Secondly, a way
must be found to assure chemical stability of olivine at high
temperature at confining pressure. Samples of pure forsterite
provide one possibility, although this would exclude the use of
the dislocation decoration technique. Thirdly, if true steady-
state cannot be achieved at fairly low strain, say e < 10%,
a way must be found to assure a fairly uniform state of stress
at higher strains. Starting samples with predeveloped fabrics
and textures may promote the possibility of true steady-state
at lower .
180
REFERENCES
Alexander, H. and P. Haasen, Dislocations and plastic flow in
the diamond structure, in Solid State Physics, vol. 22,
edited by F. Seitz, D. Turnbull, and H. Ehrenreich, pp. 27-
158, Academic Press, New York, 1968.
Argon, A.S., Physical basis of constituitive equations for
inelastic deformation, in Constituitive Equations in
Plasticity, edited by A.S. Argon, pp. 1-22, MIT Press,
Cambridge, Mass., in press, 1975.
Ave'Lallement, H.G. and N. L. Carter, Syntectonic recrystalliza-
tion of olivine arid modes of flow in the upper mantle,
Geol. Soc. Amer. Bull., 81, pp. 2203-2220, 1970.
Bardeen, J. and C. Herring, Diffusion in alloys and the Kirken-
dall effect, in Imperfections in Nearly Perfect Crystals,
edited by W. Shockley, J.H. HolTomon, R. Maurer, F. Seitz,
pp. 261-288, John Wiley, New York, 1952.
Barrett, C.R., W.D. Nix, and O.D. Sherby, The influence of
strain and grain size on the creep substructure of Fe - 3Si,
Trans. ASM., 59, pp. 3-15, 1966.
Birch, F., Density and composition of the upper mantle: first
approximations as an olivine layer, in The Earth's Crust
and Upper Mantle, Geophys. Monogr.Ser., vol. 13, edited
by P.J. Hart, pp. 18-36, AGU, Washington, DC, 1969.
Blacic, J.D., Effect of water on the experimental deformation
of olivine, in Flow and Fracture of Rocks, Geophys.
Monogr. Ser., vol. 16, edited by H.C. Heard, I.Y. Borg,
N.L. Carter, C.B. Raleigh, pp. 109-115, AGU, Washington,
DC, 1972.
Blacic, J.D. and J.M. Christie, Dislocation substructure of
experimentally deformed olivine, Contrib. Mineral. Petrol.,
42, pp. 141-146, 1973.
Blum, W., Role of dislocation annihilation during steady-state
deformation, Phys. Status Solidi, 45, pp. 561-571, 1971.
Boland, J.N., A.C. McLaren, and B.E. Hobbs, Dislocations
associated with optical features in naturally deformed
olivines, Contrib. Mineral. Petrol., 30, pp. 53-63, 1971.
Carter, N.L. and H.G. Ave'Lallement, High temperature flow of
dunite and peridotite, Geol. Soc. Amer. Bull., 81,
pp. 2181-2202, 1970.
181
Carter, N.L., P.W. Baker, and R.P. George, Jr., Seismic aniso-
tropy, flow, and constitution of the upper mantle, in Flow
and Fracture of Rocks, Geophys. MIonogr. Ser., vol. 16,
edited by H.C. Heard, i.Y. Borg, N.L. Carter, C.B. Raleigh,
pp. 167-190, AGU, Washington, DC, 1972.
Carter, N.L., C.B. Raleigh, and P.S. deCarli, Deformation of
olivine in stony meteorites, J. Geophys. Res., 73,
pp. 5439-5463, 1968.
Champness, P.E., Nucleation and growth of iron oxides in
olivines, (Mg,Fe)2SiO4, Mineralogical 'Mag., 37, pp. 790-
800, 1970.
Chin, G.Y., R.N. Thurston, and A.E. Nesbitt, Finite plastic
deformation due to crystallographic slip, Trans. TMS-AIME,
236, pp. 69-76, 1966.
Christensen, N.T., Fabric seismic anisotropy, and tectonic his-
tory of the Twin Sisters dunite, Washington, Geol. Soc.
Arter. Bull., 82, pp. 1681-1694, 1971
Christie, J.M., D.T. Griggs, and N.L. Carter,Experimental
evidence of basal slip in quartz, J. Geol., 72, pp 734-
756, 1964.
Clark, S.P. and A.E. Ringwood, Density distribution and ccnsti-
tution of the mantle, Rev. Geophys. Space Phys., 2, pp. 35-
88. 1964.
Clauer, A.H., B.A. Wilcox, and J.P. Hirth, Dislocation substruc-
ture induced by creep in molybdenum single crystals, Acta
Met., 18, pp. 381-397, 1970.
Cottrell, A.H., Dislocations and Plastic Flow in Crystals,
Clarendon Press, Oxford, 223 pp., 1953.
Deer, W.A., R.A. Howie, and J. Zussman, Rock-Forming Minerals
vol. 1, 333 pp., William Clowes and Sons, Ltd., London,
1962.
Dollinger, G., and J.D. Blacic, Deformation mechanisms in
experimentally and naturally deformed amphiboles, Earth
Planet. Sci. Lett., 26, pp. 409-416, 1975.
Friedel, J., Dislocations, Addison-Wesley, Reading, Mass.,
491 pp., 1964.
Garofalo, F., Fundamentals of Creep and Creep-Rupture in Metals,
MacMillan, New York, 258 pp., 1965.
182
Gilman, J.J., Structure and kulygonization of bent zinc mono-
crystals, Acta. Met.. 3, pp. 277-288, 1955.
Goetze, C., and W.F. Brace, Laboratory observations of high
temperature rheology of rocks, Tectonophysics, 13, pp. 583-
600, 1972.
Goetze, C., and D.L. Kohlstedt, Laboratory study of dislocation
climb and diffusion in olivine, J. Geophys. Res., 78,
pp. 5961-5971, 1973.
Gordon, R.B., Observation of crystal placiticity under high
pressure with application to the earth's mantle, J. Geo-
phys. Res., 76, pp. 1248-3254, 1971.
Green, H.W. and S.V. Radcliffe, Dislocation mechanisms in
olivine and flow in the upper mantle, Earth Planet. Sci.
Lett,, 15, pp. 239-247, 1972a.
Green, H.W. and S.V. Radcliffe, Deformation processes in the
upper mantle, in Flow and Fracture of Rocks, Geophys.
Monogr. Ser., vol. 16, edited by 1.C. Heard, I.Y. Borg,
N.L. Carter, C.B. Raleigh, pp. 139-156, AGU, Washington,
DC, 1972b.
Griggs, D., Hydrolytic weakening of quartz and other silicates,
Geophys. J. Roy. Astr. Soc., 14, pp. 19-31, 1967.
Griggs, D.T. and J.D. Blaci,., Quartz: anomalous weakness of
synthetic crystals, Science, 147, pp. 292-295, 1965.
Griggs, D.T., F.J. Turner, and H.C. Heard, Deformation of
rocks at 500*C to 800C, in Rock Deformation, Mem. 79,
edited by D.T. Griggs and J. Handin, pp. 39-104, Geological
Society of America, Boulder, Colo., 1960.
Groves, G.W. and A. Kelly, Change of shape due to dislocation
climb, Phil.Mag., 19, pp. 977-986, 1969.
Hart, E.W., A phenomenological theory for plastic deformation
of polycrystalline metals, Acta. Met., 18, pp. 599-610,
1970.
Hart, E.W., C.Y. Li, H. Yamada, and G.L. Wire, Phenomenological
theory: a guide to constituitive relations and fundamen-
tal deformation properties, in Constituitive Equations in
Plasticity, edited by A.S. Argon, pp. 149-197, MIT Press,
Cambridge, Mass., in press, 1975.
Hess, J.B. and C.S. Barrett, Structure and nature of kink bands
in zinc, Trans. AIME, 185, pp. 599-606, 1949.
183
Hirth, J.P. and J. Lothe, Thge:ry of Dislocations, McGraw-Hill,
New York, 780 pp., 1968,
Hobbs, B.E., A.C.McLaren, and M.S. Paterson, Plasticity of
single crystals of synthetic quartz, in Flow and Fracture
of Rocks, Geophys. Monogr. Ser., vol., 16, edited by
H.C. Heard, I.Y. Borg, N.L. Carter, C.B. Raleigh, pp. 29-
53, AGU, Washington, DC, 1972.
Iddings, J.P., in U.S. Geol. Surv. Monogr. 20, Appendix B,
pp. 335-406, T92.
Johnson, L.A., Deformation of Copper Crystals, PhD Thesis,
Harvard University, Cambridge, Mass., 1967.
Johnston,W.G. and J.J. Gilman, Dislocation velocities, disloca-
tion densities, and plastic flow in lithium fluoride
crystals, J. Applied Phys., 30, pp. 129-144, 1959.
Kelly, A., and G.W. Groves, Crystallography and Crystal Defects,
J.W. Arrowsmith, Ltd., Bristol, 428 pp., 1970.
Kirby, S.H. and C.B. Raleigh, Mechanisms of high-temperature,
solid state flow in minerals and ceramics and their bear-
ing on creep behavior of the mantle, Tectonophysics, 19,
pp. 165-194, 1973.
Knopoff, L., Continental drift and convection, in The Earth's
Crust and Upper Mantle, Geophys. Monogr. Ser., vol. 13,
edited by P.J. Hart, pp. 683-689, AGU, Washington, DC,
1969.
Kohlstedt, D.L. and C. Goetze, Low-stress high-temperature
creep in olivine single crystals, J. Geophys. Res., 79,
pp. 2045-2051, 1974.
Kohlstedt, D.L., C. Goetze, and W.B. Durham, Experimental
deformation of single crystal olivine with application to
flow in the mantle, in Petrophysics: The Physics and
Chemistry of Minerals and Rocks, edited by S.K. Runcorn,
John Wiley and Sons, Ltd., London, in press, 1975a.
Kohlstedt, D.L., C. Goetze, W.B. Durham, and J.B. Vander Sande,
A new technique for decorating dislocations in olivine,
Science, accepted for publication, 1975b.
Kohlstedt, D.L. and J.B. Vander Sande, Heterogeneous precipi-
tation on dislocations in olivine, Contrib. Mineral.
Petrol., submitted for publication, 1975.
184
McClintock, FA. and A.S. Argon, ed.,, Mechanical Behavior
of Materials, Addison-Wedley, Reading, Mass., 770 pp.,
1966.
Muan, A. and E.F. Osborne, Phase Equilibria Among Oxides in
Steelmaking, Addison-Wesley, Reading, Mass., 236 pp.,
1965.
Nabarro, F.R.N., Steady-state diffusional creep, Phil. Mag., 16,
pp. 231-237, 1967.
Nicolas, A., J.L. Bouchez, F. Boudier, and J.C. Mercier, Tex-
tures, structures, and fabrics due to solid state flow
in some European lherzolites, Tectonophysics, 12, pp. 55-
86, 1971.
Nicolas, A., F. Boudier, and A.M. Boullier, Mechanisms of flow
in naturally and experimentally deformed peridotites, Am.
J. Sci., 273, pp. 853-876, 1973.
Nitzen, U., Stability field of olivine with respect to oxida-
tion and reduction, J. Geophys. Res., 79, pp. 706-711.
1974.
Nix, W.D. and C.R. Barrett, Interpretation of steady state
creep in terms of the relation betveen dislocation glide
and recovery, Trans. ASM, 61, pp. 695-697, 1968.
Nye, J.F., Some geometrical relations in dislocated crystals,
Acta. Met., 1, pp. 153-162, 1953.
Olsen, A. and T. Birkeland, Electron microscope study of peri-
dotite xenoliths in kimberlites, Contrib. Mineral. Petrol.,
42, pp. 147-157, 1973.
Orowan, E., A type of plastic deformation new in metals,
Nature, 149, pp. 643-644, 1942.
Paterson, M.S.,' The ductility of rocks, in Physics of Strength
and Plasticity, edited by A.S. Argon, MIT Press, Cambridge,
Mass., pp. 377-392, 1969.
Paterson, M.S. and J.M. Edmond, Deformation of graphite at
high pressures, Carbon, 10, pp. 29-34, 1972.
Paterson, M.S. and C.W. Weaver, Deformation of polycrystalline
MgO under pressure, J. Amer. Ceram. Soc., 53, pp. 463-471,
1970.
185
Phakey, P., G. Dollinger, and J. Chfistie, Transmission electron
microscopy of experimentally deformed olivine crystals, in
Flow and Fracture of Rocks, Geophys. Monogr. Ser., vol. 16,
edited by H.C. Heard, I.Y. Borg, N.L. Carter, C.B. Raleigh,
pp. 117-138, AGU, Washington, DC. 1972.
Post, R.L., Jr. and D.T. Griggs, The earth's mantle: evidence
of non-Newtonian flow, Science, 181, pp. 1242-1244, 1973.
Radford, K.C. and G.R. Terwilliger, High temperature deformation
of ceramics: specific behavior, Ceram. Bull., 53, pp. 465-
472, 1974.
Raleigh, C.B., Fabrics of naturally and experimentally deformed
olivine, PhD thesis, Univ. of Calif. at Los Angeles, 1963.
Raleigh, C.B., Glide mechanisms in experimentally deformed
minerals, Science, 150, pp. 739-741, 1965.
Raleigh, C.B., Plastic deformation of upper mantle silicate
minerals, Geophys. J. Roy. Astron. Soc., 14, pp. 45-56,
1967.
Raleigh, C.B., Mechanisms of plastic deformation'of olivine,
J; Geophys. Res., 73, pp. 5391-5406, 1968.
Raleigh, C.B. and S.H. Kirby, Creep in the -upper mantle,
Mineral. Soc. Amer. Spec. Pap. 3, pp. 113-121, 1970.
Richter, F.M., Dynamical models for sea floor spreading, Rev.
Geophys. Space Phys., 11, pp. 223-287, 1973.
Ringwood, A.E., Composition and evolution of the upper mantle,
in The Earth's Crust and Upper Mantle, Geophys. Monogr.
Ser., vol. 13, edited by P.J. Hart, pp. 1-17, AGU,
Washington, DC, 1969.
Runcorn, S.K., Convection in the mantle, in The Earth's Crust
and Upper Mantle, Geophys. Monogr. Ser., vol. 13, edited
by P.J. Hart, pp. 692-698, AGU, Washington, DC, 1969.
Schmid, E. and W. Boas, Plasticity of Crystals, Chapman and
Hall, Ltd. London, 353 pp., 1950
Stocker, R.L. and M.F. Ashby, On the rheology of the upper
mantle, Rev. Geophys. Space. Phys., 11, pp. 391-426, 1973.
Terwilliger, G.R., and K.C. Radford, High temperature deforma-
tion of ceramics: I, backqround, Ceram. Bull., 53,
pp. 172-179, 1974.
186
Van Bueren, H.G., Theory of cr:eep of germanium crystals,
Physica, 25, pp. 775-791, 1959.
Weertman, J., Dislocation climb theory of steady-state creep,
Trans. ASM, 61, pp. 631-694, 1968.
Weertman, J., The creep strength of the earth's mantle, Rev.
Geophys. Space Phy 8, pp. 145-168, 1970.
Weertman, J. and J.R. Weertvan, High temperature creep of
rock and mantle viscosity, in Annual Reviews of Materials
Science, vol. 5, edited by R.A. Huggins, Annual Reviews
Inc., Palo Alto, Calif., pp. 293-315, 1975.
Young, C., Dislocations in the deformation of olivine, Amer.
J. Sci., 267, pp. 841-852, 1969.
187
Appendix A
EQUATIONS FOR FINITE PLASTIC STRAIN
Because the majority cf crystals deformed in the course
of this thesis have undergone nearly homogeneous strain, we
have been able to make use of an analysis formalized by
Chin et al. (1966) for shape change due to finite homogeneous
plastic deformation. We outline in this appendix the Chin
et al. formulation, its extension to Nabarro (1967) climb,
and its application to the results of the "45*" and odd orien-
tation runs.
1. The Formulation
Basic principles of continuum mechanics (references in
Chin et al.) state that the movement of a material point
during a homogeneous strain from an initial position at
X = (Xl, X2, X3) to a final position at x = (x1, x2 ' x 3 is
completely specified by x = FX where F is a tensor formed by
the nine so-called deformation gradients:
ax1  X2 3X3
ax2  ax2  ax2
F = 1  3X2  ax3  (Al)
;x3  ax3  ax3
S2 3
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if the strain is a plastic strain, tne volume change is zero
and it must be true that
det F = 1 (A2)
Under the strain specified by F a unit vector initially in the
direction P will end up in the direction p where
p = P (A3)
P J
and
P.P (A4)P 3X. ax k
1 k
is the ratio of final length to initial length of a material
line lying along P.
Chin et al. (1966) address themselves to the form of the
deformation gradient tensor F during crystallographic slip on
one or more slip systems. If slip proceeds on a plane of
unit normal n in the direction m, the strain is simple shear
(Figure 4-3a) and the deformation gradients describing the
deformation are
F.. = 6.. + am.n. (A5)1 J 1) 1 J
where a E tany, y being the angle through which th .-3ir..:.le
shear strain has proceeded. Suppose now slip occurs on more
than one slip system, through amounts a, = tanyl, a2 = tany2 '
a = tany3 etc. and yielding by equation (A5) the deformation
graaient tensors F1 , F2, F3, etc., respectively. In the case
of two slip systems only, if shear on system 1 is followed by
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shear on system 2, the appropriate deformation gradient tensor
is the matrix product F1 F2. If the order is reversed, the
appropriate tensor is F2F,. In general F1F2 / F2Fi, so that
the true shape change depends critically on the order in which
the slip systems operate. The most likely physical process,
in which slip proceeds simultaneously on all slip systems, is
describable by the product of incremental motions on alter-
nating slip systems:
F.= lim(F F2 F N
N +o>
a a /N (A6)
a2 + a2/N
which Chin et al. show to be
1 2 1 3F'
F =I + 1 (F') 2+ 1 (F')3 + ..(F! 3!
F' (A7)
=-e
where
F' = a m. n. + a m. n.
ij 1 2 3
(3) (3)
+ a M. n. + ... (A8)3 J
and where the superscripts refer to the appropriate slip
systems.
The shape change which results from crystallographic slip
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is a simple shear strain. We now desire to determine the
shape change which results from a finite amount of pure shear
strain (Figure 4-3b) which we suggest in Chapter IV may
result from Nabarro climb motion of dislocations.
We show two examples of pure shear in Figure Al. We
note the following features of the figures: (1) material
lines in the (1,0,0), (0,1,0), and (0,0,1) directions (labora-
tory coordinates) do not change their orientations; (2) mater-
ial lines in the (0,0,1) direction do not change their length;
and (3) AV = 0. We note that the deformation gradients of the
form
e-a 0 0
F= 0 ea 0 (A9)
0 0 1
when, say, applied to equation (A3) satisfy these conditions
ana we assert that the three conditions are necessary and
sufficient to describe pure shear.
We note that during deformation by slip, as described by
equation (A5), no rotation of the crystallographic planes with
respect to an external coordinate system is prescribed. Never-
theless, during an actual deformation experiment, crystallo-
graphic planes are generally observed to rotate with respect
to the laboratory coordinate system. From the point of view
of the deformation gradients, the rotation occurs because F
prescribes that material planes at the platens rotate with
respect to the crystallographic lattice, or equivalently that
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Figure Al
Pure shear deformation as prescribed by the defor-
mation-gradient tensor
e
F= 0
0
01 , a = tany/2
for two starting configurations of material. Solid
outline: before deformation; dashed outline: after
deformation.
N
'j
t... 
.
.
.
.
b
-
-
j
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the crystallographic lattice rotates (in the opposite sense)
with respect to the material planes at the platens. More
formally, lattice rotation occurs because the imposed deforma-
tion is a flattening or pure shear (see Figure Alb), whereas
the strain provided by crystallographic slip is simple shear.
With the addition of a rigid body rotation, the simple shear
can be made to approximate pure shear, as illustrated in Figure
2
A2. In the small strain approximation where y << y, the
relationship illustrated in Figure A2 is exact (Kelly and
Groves, 1970, p. 180).
2. Application
The application of the above equations to shape changes
of the "450" and odd orientation samples is basically the
same, with the former being somewhat more quantitative. The
process is two step: first, one or more slio and climb
systems are chosen arbitrary and the deformation tensor F
describing the resultant shape change is calculated from
equations (A5), (A9), and (A6). Second, the shape change it-
self is calculated using equation (A3). Because all of our
samples begin as volumes bounded by flat faces and straight
sides, the shape change can be completely determined by using
equation (A3) to map the changes in length and direction of
the several edges. The initial shape of our samples is most
simply described in the laboratory coordinate system where
each of the edges lies along a coordinate axis. Thus, to
facilitate the application of equation (A3), the deformation
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Ficure A2
A pure shear deformation (a) can be approximated by
a simple shear (b) plus a rigid body rotation (c).
Starting shape is square. The pure shear (a)
redrawn in light outline in Figure c illustrates the
error in the approximation.
pure shear
+
simple shear
(b)(a)
-|- rigid body rotation
(c)
Figure A2
Y
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gradient tensor F, which is most easily calculated in the lat-
tice coordinate system, is transformed to the laboratory co-
ordinates according to
F.. = 6 j F (A10)13iK jL KL
where the i. are the appropriate direction cosines.
"45*" Orientations
Because deformation invariably occurred in plane strain
with one of the vertical sample faces being parallel to the
plane of plane strain, a quantitative analysis using the
above equations was rather straightforward. Equation (A6),
which is difficult to handle analytically but which lends it-
self well to digital techniques, was evaluated by successive
incremental matrix multiplications using an IBM 360/75 computer.
Deformation gradients were found to differ by <1% for values
1, 4
of N in equation (A6) between 10 and 10 . Therefore, a
value of N = 10 was used. Allowable deformation gradient
tensors to be used in equation (A6) were F1 and F2 from the
primary and secondary slip systems (evaluated by equation A5)
and F3 evaluated by equation (A9) from the climb of the edge
dislocations of the pair of slip systems.
The shape change parameters to be matched were, referring
to Figure A3, the length shortening (c = 1- 9,/z ), angle of
cant of the sides (w), and lattice rotation (a) and were cal-
culated as follows. Equations (All) - (A19) below are referred
to laboratory coordinates and x and y refer to the 1' and 2'
195
Figure A3
Shape change calculation for typical 1450" orien-
tation sample. Plane strain sections shown (see
text):
(a)
(b)
gradient
(c)
rotation
Before deformation.
Shape c:.ange defined by deformation
tensor F.
Shape change with additional lattice
a.
Pb
(a)
Figure A3
(b) (c)
'yb,
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directions, respectively. The material lines which are initial-
ly vertical and horizontal
10
I~ I
P = 0 and P = 1I
0 j [ (All)
assume directions after deformation F according to equation
(A3)
S= 1
Px
F 'F12
F y 1 FlF21 and p = y 22 (A12)
F3 F
Thus we see from Figure A3
-l
ct = tn
p y
x
-l12e = tan 1
x
p1
-1 F12
- tan 2
F 22
-l F
= tan 21
F-1
and
(Al5)
Since I y = 1, equation (A12) tells us
A
Dy
2 2 2 1/2
S(F 12 + F + F3 2 ) (A16)
The area of a plane of plane strain does not change during
plastic deforma-ion, i.e.,
kb = A b (A1
o0 o py o
(A13)
(A14)
l7)
197
so that
2 +F2 +F2 -l/2
/Z = 1/A = (F. + F2 + F )/ (Al8)
o y. 22 32
and
E=1 -/ (A19)
The predicted values a, w, and in equations (A13), (A15),
and (A19), respectively, can then be directly compared to the
observed values. The criteria for comparison are discussed
in the text (equation 4-2).
We can summarize qualitatively the shape change which will
result from the analysis outlined above. Glide motion on the
primary system will act to rotate the glide planes towards
horizontal from their initial orientation at $ = 45*. Because
$ < 45*, motion on this system will also cause the sides to
cant through some angle w in a sense which matches the sense
of slip. Motion on the secondary slip system will cause the
primary system glide planes to rotate toward vertical, i.e.,
to oppose the rotation imposed by primary slip but will cause
the sides to cant to reinforce the cant produced by primary
slip (reason: $ > 450 for the secondary slip system).
Nabarro climb of the edge dislocations involved will oppose
both actions of the secondary slip system. The primary glide
planes will be rotated towards horizontal, but the canting
motion will be reversed and the sides will move back toward
vertical. All three deformation systems act of course to
shorten the sample.
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Odd Orientations
The complexity of programming equation (A6) to handle
an uncertain number of somewhat uncertain (Okk) [100] slip
systems did not justify the few applications, so analytical
approximations were used. The number of deformation gradient
tensors to be used in equation (A6) was restricted to one.
Slip on two (Okk) [100] slip systems could always be considered
as single slip on an intermediate (OkM) plane. In the one
case (7407-5) where significant slip in two directions occurred
and the strain was sufficiently homogeneous to justify the
shape change analysis, the effects of the combined slip systems
were added, giving approximately the same result as using
N = 1 in equation (A6). Shape change by climb was never
proven to be necessary.
The shape change parameters to be matched differed
somewhat from the E,, a, and w of-the "45*" orientations. As
a result of the odd orientation of the crystallographic coor-
dinates with respect to the laboratory coordinates, the plane
strain which results from slip is not evident on one of the
sample faces alone. All three (pairs of) faces must be con-
sidered. The shape change parameters used were the shortening
(C ) and three independent external angles, for instance, the
three angles which form a corner of the sample. Often the
observed sense of change of the three angles predicted by
equation (A3) and the knowledge that the deformation was com-
pressive (c > 0) was sufficient information to distinguish
the major slip systems (010)[100], (001)(100], and (010)[001]
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and the analysis, say, to distinguish (010) from an (Ok,)
plane within 45* of (010) was usually not attempted. Such
was the procedure in samples 7407-1, 7407-3, 7407-6, 7410-2,
7410-4, 7410-5, and 7412-1. Sample 7410-1 was strained too
little for shape change measurement, and in 7410-2 the shape
change was too complex a mixture of slip (and possibly climb)
to be analyzed by these approximate methods. Anomalous deforma-
tion, perhaps due to plastic buckling (Appendix B), obscurred
the shape change of 7410-7 and 7411-1 and inhomogeneous deforma-
tion rendered the analysis non-applicable in 7407-4. In the
remaining samples 7407-2 and 7407-5 the shape change was clear
enough that the quantitative results cf equation (A3) were
used to distinguish (OkZ) [100] from (010) [100] with the results
indicated in Table 5-2.
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Appendix B
MECHANICAL BEHAVIOR OF SINGLE CRYSTAL OLIVINE
The ideal shape change of a single crystal deforming in
compression is considered in Appendix A. In this section we
discuss the reasons why the behavior is ideal and introduce
one particular kind of non-ideal shape change which often
appears in our samples.
1. Why the Iaeal Behavior
(i) Friction at the platen-sample interface was very low.
As a result the pat.tern of stresses in the sample was not
greatly disturbed from the ideal pattern which exists under
uniform end loading. The level of friction was low but non-
zero. In samples of large base areas and low t/b, the stress
pattern was noticably affected by friction.
(ii) Localization of strain did not occur. In contrast,
nearly all uniaxial and triaxial testing of geological mater-
ials to date, notably on olivine, quartz, and calcite, in
both single and polycrystalline form, has resulted in deforma-
tion primarily through localized strain effects: kink bands,
slip bands, deformation lamellae, and twin lamellae. We sug-
gest (Chapter VIII) that such behavior in our samples is a
natural result of steady state deformation in olivine at low
stress and the fact that steady state was reached very early,
E < 4%,in the deformation.
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2. Departure from Ideal Behavior
If we define ideal behavior as that which results from
uniform plastic strain (regardless of the state of stress),
tnen an example of ideal behavior during single slip is shown
in Figure A3. We have encountered two categories of deviation
from such ideal behavior in our experiments, both of which we
feel resulted from a non-uniform state of stress in the samples:
(a) frictional distortion and (b) plastic buckling.
To facilitate the discussion of these departures from
ideality, first consider the manner in which such behavior
is detected. Non-uniform strain manifests itself in two ways:
first, originally flat sample faces become curved, and second,
crystallographic directions become distorted through the
crystal. The latter is generally accompanied by the former,
Distortion of the crystal lattice is evident when a thin sec-
tion is viewed between crossed polarizers. When the thin sec-
tion is rotated, a zone of extinction is seen to sweep or
unaulate across the section. Such a distortion of the crystal
lattice in the absence of elastic strains can only be the
result of a non-random distribution of dislocations. U-stage
examination (see Chapter V) and the list of prominent Burgers
vectors in olivine (Table 1-1) indicates that the patterns of
extinction sweeping which occur in our samples are invariably
the result of local excesses of edge dislocations of like sign
and Burgers vector. Figure Bl shows arrangements of edge dis-
locations and the resultant extinction sweeping patterns which
202
Figure Bl
Lattice distortions caused by an excess of N edge
dislocation of like sign. Viewed between crossed
polarizing filters in thin section, a region of
extinction will be observed to sweep from left to
right under counterclockwise rotation.
Angle 0, where
tane = Nb/2.
(b = magnitude of the Burgers vector) is the same in
the four arrangements shown.
Figures a (single tilt boundary), b (random distri-
bution), and c (several lower angle tilt boundaries)
are commonly observed arrangements. Figure d is
less commonly observed and serves to illustrate
that the boundary of the extinct region need not be
normal to the Burgers vector b of the excess
dislocations as is the case in a, b, and c. Shaded
regions in Figure d show observed extinct region at
successive rotation increments. Dislocation arrange-
ment is inferred from the sweeping pattern.
T 1 ainbTa
(P) (0)
I . ..... ....................
(Ci) (D
(D)
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have been observed in this work.
2.a. Frictional Distortion
The matter of friction at the sample-platen interface and
its effect on the runs is the subject of Appendix C. The
typical distortion which occurs is sketched in Figure Cl.
2.b. Plastic Buckling
Figure B2a shows a plane strain section of sample 7409-4,
oriented [101]c. The sample has deformed principally by slip
on the (001)[100] slip system where the [100] slip direction
is pointing down and to the left. The sides, gently and
symmetrically curved into a smooth S-shape, give unambiguous
evidence for non-uniform strain. The distorted shape of the
lattice, as inferred from the pattern of extinction sweeping,
is sketched in Figure B2b. All of the (100) planes in the
sample are straight; all of the (001) planes are curved.
Figure B3a shows a plane strain section from another
[101] c - oriented sample, 7412-1(3). Again we see a smooth
S-shape (albeit less well defined because cf a lower total
strain than 7409-4) in the same sense as in Figure B2a. The
slip system (001)[100] dominated, but in contrast to Figure B2a
tne [100] slip direction is pointing down to the right. Again
the extinction sweeping indicates the (100) planes are flat
while the (001) planes are curved (Figure B3b).
Figure B4 'shows a portion of a decorated thin section
from sample 7409-4, cut parallel to the section shown in Figure
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Figure B2
Plastic buckcling when the direction of crystallo-
graphic slip matches the sense of canting:
(a) Plane strain section from [1011 orien-
c
tation sample 7409-4, c = 9%, viewed between crossed
polarizing filters. Extinct regions near either
end sweep away from each other under counterclockwise
rotation of the section.
(b) Distortion of lattice planes in section
shown in Figure a, based on pattern of extinction
sweeping. Edge dislocation symbols represent indicate
sign and b of excess dislocations. Note that planes
normal to b, (100), are flat while glide planes,
(001), are curved. Dashed line indicates loci of
inflection points in glide plane curvature. Glide
planes are represented by short dashes, planes normal
to b by solid lines.
Loo09 £100] 1
(b)
Figure B2
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Figure B3
Plastic buckling when the direction of crystallo-
graphic slip opposes the sense of canting.
(a) Plane strain (decorated) section from
[101]c orientation sample, 7412-1, c = 2.9%, viewed
between crossed polarizing filters. Section is the
same as that shown in Figure 6-19c. Extinction pattern
is not as distinct as that in Figure B3a due to lower
Z of sample. Extinct region at lower end of sample
is in the lower right corner. The extinct regions
converge under counterclock~wise rotation, in contrast
to Figure B2a.
(b) Distortion of lattice planes in section
shown in Figure a, based on pattern of extinction
sweeping. Planes normal to b, (100), are flat while
glide planes, (001), are curved. Glide planes are
represented by short dashes, planes normal to b by
solid lines.
II
(a)
goo] DcOTj 
-0000 ,
Dool too]
\ (1b)
Figure B3
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Figure 34
Detail of decorated plane strain section from sample
7409-4, shown in full in Figure B2a, at two maqnifica-
tions. Tightly spaced lines running parallel to [001]
are resolved in Figure b to be made up of rows of end-
on dislocations which are (001)[100] tilt boundaries.
The extinction sweeping (Figure B2a) indicates that all
the tilt boundaries are of like sign/
II
1 o l01R1 0 0 ]
.mm
Figure B4
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B2a. Column upon column of end-on dislocations are visible.
The locus of the extinct region viewed under crossed polarizers
indicates most of these dislocations are b = [100] edges.
Their line direction 1 = [0101 (normal to the page) confirms
that they are of the (001) [100] slip system. The dislocation
structure of Figure B4 is precisely the arrangement modeled in
Figure BlIc.
The effects shown in Figures B2-D4 typify a plastic
buckling effect which occurs to some extent in most of our
runs. Besides the kink band formation in two of the on-axis
runs, it is the only bucklirg effect which has occurred. For
lack of a more specific term we shall use "plastic buckling"
to refer to this specific process.
Similar patterns of dislocations have been produced in
more direct manner in corundum (West: c.f. Nye, 1953) and
in zinc (Gilman, 1955) by bending single crystals around a
cylindrical form. Nye (1953) showed that if the lattice is
oriented such that the line directions of the edge dislocations
(i.e., the E.R. axis) is parallel to the axis of the cylindrical
form, the final arrangement of dislocations will distort the
lattice such that the planes normal to b will be flat and
tangential to a common (imaginary) cylindrical surface.
Friedel (1964, p. 253) suggested that slip polygonization
could lead to the arrangement of those dislocations into finely
spaced tilt boundaries, as in Figure B4.
There are two ways in which an excess of edge dislocation
of one sign can occur in an area of crystal. The first is
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that only edge dislocation of like sign are created in that
area. This requires, however, that all the dislocations be
generated at the surfaces of the crystal, an effect which we
feel is unlikely in our runs. The second way to produce the
excess is by applying a stress which causes all the dislocations
of one sign to move toward the region of interest and all those
of the opposite sign to move away from that region, for instance
a stress which bends the glide planes. In the interest of
relieving such a stress, extra half planes of material will
move into the region on the convex side of the glide planes
and half planes on the concave side will try to move away.
Consider the case of an olivine crystal deforming in
plane strain (for simplicity) as shown in Figure B5a. The
initial distribution of stress is uniform across the ends of
the sample, so initially the plastic response is ideal as
defined above. As the deformation proceeds, the sample inevit-
ably cants to the left or right, depending on the angle which
the slip direction makes with vertical. A uniform stress
distribution along the ends of the sample would now produce
a net moment about the center of the sample, so the actual
stress distribution must be a uniform stress plus a moment in
the opposite sense as shown in Figure B5b (Johnson, 1967, p. 35).
The stress situation near the ends of the sample resembles
that on the concave side of the neutral fibre in a bent beam
(see e.g., Sommerfeld, 1964, p. 293): all planes not parallel
to the plane of plane strain will bend elastically. Available
slip systems will activate in response to the bending. In the
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Figure B5
Stress distribution at the ends of a sample is uniform
initially (a), but if sample cants during deformation
(b) the stress pattern must take on the non-uniformity
as shown. See text for discussion. (After Johnson,
1967)
gSI aznbia
(q) (D)
I I-
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usual case where one slip system dominates, edge dislocations
of that slip system will respond by arranging themselves as
discussed above such that the glide planes remain curved while
the extra half planes associated with the edge dislocations
(normal to b) become flat. The sense of curvature of the glide
planes as sketched in Figures B2b and B3b agrees in each case
to the bent beam analogy. It is reasonable to expect on the
basis of Figures B2b and B3b that the dislocations involved
in plastic buckling are those which would be activated during
the ideal plastic response. The external rotation (E.R.) axis
developed during plastic buckling and detectable with the
U-stage microscope thus has validity as a slip system identi-
fier in the "45*" and odd orientation runs.
The term plastic buckling carries a connotation of in-
stability and, indeed, a mechanical instability does accom-
pany the process described herein if the run is carried to
high enough strain: the sample cants and rolls over. In this
sense the term is somewhat misleading because we have not com-
mented on the stability or instability of the process itself.
Plastic buckling may be unstable as is, for instance the
closely related kinking process which Orowan (1942) discovered
proceeded "suddenly" during increased loading in a soft appara-
tus, or plastic buckling may be stable, continuing at a non-
accelerating rate throughout strain.
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Appendix C
FRICTION AT THE SAMPLE-PLATEN INTERFACE
The coefficient of friction at the contact between
polished surfaces of olivine and tungsten, at temperatures
from 1150*C to 1600*C and normal (to the interface) stresses
up to 700 bars, is low but non-zero.
1. The Coefficient of Friction is Low
The following statements characterize the strain incre-
ment runs and all "45*" orientation runs except 7406-2, 7501-8,
7506-1, and 7506-2:
(i) There is no correlation between horizontal cross
sectional area and distance from the platens.
(ii) Except in those samples severely (>50 rotation)
affected by plastic buckling, there is no correlation between
dislocation structure and distance from the platens. The
correlation in the case of plastic buckling, evident in Figures
B2b and B3b, is not related to piston friction.
(iii) There is no correlation between the flow law
f(a1 , %) = 0 (Figure 4-1) and E for E > 2% except in cases
of plastic buckling, where mechanical instability obscured
the deformation record.
On the basis of these observations, we conclude that
friction at the sample-platen interface did not affect the
deformation and therefore that the frictional coefficient was
negligibly low.
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(We note in Appendix B that our experiments stand out
from all previous testing of geological materials in that
strain localization did not occur. Another distinguishing
feature is that most of our samples were free of end effects,
which are manifested as barrelling or the creation of "dead
zones" at the ends of the samples. These end effects are a
direct result of a strong coupling at the sample-platen inter-
face.)
2. The Coefficient of Friction is Non-Zero
Plane strain sections from samples 7406-2, 7501-8, 7506-1,
and 7506-2 have a shape and pattern of lattice distortion
which distinguishes them from all other plane strain sections.
The schematic diagram in Figure Cl illustrates the character-
istics of these sections.
(i) The cant of the sides (described by the angle w in
Appendix A) is more severe in the two corners towards which
the primary slip system Burgers vector points if directed
from the center of the section. The cant at the other two
corners is close to zero.
(ii) There are three loci of glide plane inflection
points (dashed lines in Figure Cl). Note that in plastically
buckled sections there is only one such locus (Figures B2b
and B3b).
Further, we note from the Data Tables (Appendix E):
(iii) Z/b < 1 and 6 > 20% at the end of the runs.
The wavelength of the glide plane undulation and the
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Figure Cl
Schematic of lattice distortion in plane strain
section of high c samples of [1101 and [Oil]
orientations. Dashed lines indicate three sets of
loci of inflection points in glide plane curvature
(see text).
Figure Cl
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regularity in the pattern among the four 'samples compels us
to look for an explanation outside the boundaries of the
sample. A plastic buckling phenomenon is doubtful given the
low k/b and the modest cant of the sides. We are left to con-
clude that there is a resolved shear stress at the sample-
platen interface.
On the basis of this conclusion we have excluded from the
"45*" orientation runs those data from runs 7406-2 and 7501-8
which reflect apparent strain hardening. We feel it likely
that part of the applied load (40% in the case of 7501-8) was
lost in shear stress at the interface. By analogy, one point
from run 7406-5, of similar orientation but lower total e ,
is excluded.
To conclude, we note without explanation two observations
which must be considered anomalous in light of our understand-
ing of frictional effects:
(i) Of the four samples which showed physical evidence
for friction in plane strain thin section, the two [011] c
oriented samples exhibited strain hardening during the runs
while the two [110] c- oriented samples did not.
(ii) A total of seven "45*" orientation samples were de-
formed to e > 20% and Z/b < 1 (they are among the eight
listed in Table 4-3). Of these only the four [110] and
[011]c- oriented samples showed the pattern of Figure Cl.
None of the [101] - oriented samples, including one deformed
to E: = 42%, gave even a hint of such a pattern nor did any of
the [101]c samples exhibit strain hardening.
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Appendix D
DEFORMATION OF THE COLUMN UNDER STRESS
1. T = 1600*C
In run 7406-6, oriented [010], the measured displacement
at the end of the run was uact = 0 .0004". However, the
measured displacement during the run was urec = .022" (Data
Tables) and the tungsten platens were dented a combined depth
of .015 ± .003". Since the majority of the column displace-
ment occurred at the platens, a plot of displacement rate vs.
stress (rather than vs. applied load) based on the recorded
data of this run is probably a reliable basis for determining
the column displacement during the other runs in this thesis.
The displacement rate - stress data for run 7406-6 are pre-
sented in Figure Dl. Extrapolating the 16000C curve in
Figure Dl to lower stresses and choosing an average sample
length of 0.150" reveals that the shortening rates plotted in
Figures 4-1 and 5-2 are overestimated by 0.65 x 10- 6/sec at
-6 -6
a = 900 bars, 0.35 x 10 /sec at 800 bars, 0.18 x 10 /sec
at 700 bars, etc. Thus, even at the hard [011]c orientation
in Figure 4-1, column displacement introduces an error no
worse than 1% in E . The effect appears to be negligible in
all "450" and odd orientation runs at T = 1600*C.
2. T, < 16000C
We collected one data point from run 7406-6 at T = 15000C.
Plotted in Figure Dl, this point indicates a temperature de-
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Figure Dl
Measured column displacement rates at several
temperatures as a function of applied stress at
sample-platen interface.
COLUMN DISPLACEMENT
U
W
ol
EI-zWI
W
0
Cf)
0 7406-6,(1600cC)
A 7406-6,(1500*C)
* 7406-4, (1250*C)
10*
STRESS, O' (BARS)
Figure Dl
=78)
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pendence described by Q = 78 ± 10 kcal/mole if the column obeys
a creep law of the form (1-1) and if the stress exponent n
doesn't change from 1600*C to 1500*C. The activation energy
for creep and for self-diffusion in tungsten is Q ~ 150 kcal/
mole (Weertman, 1968).
There is a considerable difference between ur and uact
(~.003" vs. .0003") in run 7406-4 conducted at T = 1250*C. The
denting of the platens was not recorded for this run, but if
we presume that the column displacement did occur at the platens,
then we can plot the deduced column displacement rate (Data
Tables) vs. stress, as has been done in Figure Dl. Figure Di
shows that the data for this run do not correspond well to
Q ~ 78 kcal/mole when compared to run 7406-6, although we call
attention to the large error bars associated with the two
7406-4 points. The behavior of the column at T < 1600*C is
thus not well resolved and as a result, many of the T < 1600*C
data from the "450" orientation runs are plotted with large
error bars (Figures 4-9 to 4-11).
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Appendix E
DATA TABLES
Data from the *45*" orientation runs and strain increment
runs (Table 4-1) and the odd orientation runs (Table 5-1) are
presented and reduced on the following pages. Data from the
on-axis orientation run 7406-6 is also included for use in
column deformation analysis (Appendix D).
Symbols and equations used in data reduction are-given in
Chapter II. The following notes are made in addition:
For all runs:
(1) A blank under a indicates the load was not changed.
(2) A repeat of the same value of a indicates that the
load was decreased to a low (> 0) value and then
reapplied.
For the strain increment runs:
(3) a = a unless otherwise noted
(4) AZ measured ± .0002" unless otherwise noted.
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7404-1
GO urec
(bars) (x10-6"/sec)
rec 9)
(" () M% (x10-5 /sec)
T = 1600*C
.175 (max)
.ll7.074(min)
280 3.61
728 219.
99.2
.003 .185 1.6
.095
.063.40
.012 .177 5.9 2.04
.022 .168 10.7
.051 .141 24.6
131.
70.
z0 = .188"
uact = .046"
112
(bars)
110
264
650
548
220
7405-1
0 rec
(bars) (x106 "/sec)
rec k
("1() (00) (x10- 5/Se c)
T = 1400*C
11.4 (max)
448 7.38 4.9(min)
T = 1250*C
7. 01 (wax)
1008 6.364.90(min)
T = 1150 0 C
1.03 (max)
1232 0.740.63(min)
.003 .184
.004 .133
.009 .17 3
6.20
1.6 4.012.66
3.83
2.5 3.48'2.68
0.56
5.2 0.420.17*
k = .188"
uact = .010"
* corrected for displacement rate of column:
dcolumn(ai=1 200 ) ~ 0.35x10-6 "/sec
a 1
(bars)
440
983
1168
221
7406-1
a rec
(bars) (x10 "/sec)
u
rec
( ) (%) (x10 -5/sec)
T = 1150 0 C
1350
1485
1080
1215
1485
1620
3 .2
1.60
2.29
1.63
0.29
0.43
0.90
1.03
1.37
1.15
t =
0
Uac
.005
.011
.013
.015
.016
.017
.017
.020
.021
.022
.180
.176
.175
.174
.173
.172
.172
.170
.170
.169
1.8
4.1
4.6
5.4
5.9
6.4
6.5
7.3
7.6
8.3
.184"
= .015"
(bars)
1.81
0.91
1.31
0.94
0.17
0.25
0.52
0.61
0.81
0.68
1326
1294
1416
1405
1016
1137
1388
1377
1496
1486
222
7406-2
0 rec
(bars) (xlO- 6"/sec)-
urec
("')
z) C k
(" ) (%)
Ez
(x10-5 /sec)
T = 1600*C
280 0.91
467 2.75
747 15.2
467 2.46
.43(max)
280 0.23
.09 (min)
373
560
0.74
3.91
T = 1200*C
.120 (max)
934 0.087
.07 2 (min)
.189 (max)
1120 0.132.066(min)
.123 (max)
1307 0.120
.001
.001
.005
.006
.166
.165
.161
.160
0.2
0.8
3.2
3.8
0.56
1.69
9.42
1.53
.27
.007 .160 4.1 0 .06
.008 .159 4.4 0.46
.009 .158 5.0 2.46
.076
.009 .158 5.2 0.055 0*
.120
.009 .158 5.4 0.084 0*
.078
.009 .157 5.6 0.077 0*
T = 1600*C
373 0.70
560 2.88
840 8.04
2.22
.010
.013
.015
.035
.156
.155
.152
.132
6.3
6.9
8.7
20.1
0.44
1.86
5.29
1.68
to = .166"
uact = .035"
* corrected for displacement rate of column:
Acolumn (al>9 00 ) > 0. 1x10 6 "/sec
a1
(bars)
277
459
725
449
269
359
535
885
1061
1235
350
522
767
661
223
7406-3
0 rec
(bars) (xlO- 6"/sec)
rec
( 11)
C
("V) (%) (x10-5 /sec) (bars)
T = 1600*C
334
501
6.12
21.3
12.9
.007
.009
.020
10.9.175
.172
.162
12.5 12.4
17.6 7.97
z = .1965"
uact = .035"
CY1
3.50 297
444
415
o rec
(bars) (x10-6"/sec)
At urec act * column**
(sec) (") (x10- 6/sec) (xlO- 6/sec) (xlO- 6/sec)
T = 1200*C
.68(max)
1220 0.60.53(min)
.86
1464 0.75 49
576
880
1.75
0.65 0
3.49
.003 1.30 0
9= .197"
uact .0003 i .0004"
* calculated according to
u = act)t + f -2 tS 2act
Y, U= act/p 0
-(1) /;(2) () (2) _ (Cy(1) la(2) n
act act i0 0
** calculated according to
, n = 3.6
Ucolumn rec - uact
.34
0.13 0
.69
0.26 0
.68
0.47.1
.86
0.49 0
225
7406-5
a u
o rec
(bars) (x10-6"/sec)
u
rec
("-) ("t) (%) -5/(x10 sec)
T = 1400*C
520
728
1040
1248
0.38
0.50
1.06
2.03
.001
.002
.003
.004
.165
.165
164
.164
0.6
1.0
1.5
2.0
0.23
0.30
0.61*
1.05**
T = 1600*C
520
728
5.33
17.4
6.75
4.19
.005
.008
.022
.030
.163
.159
.143
.142
2.2
4.6
11.2
14.8
3.25
9.12
3.73
2.48
to = .167"
uact = .024"
* corrected for column displacement rate:
column (=1000) ~ 0.1x10-6 "/sec
** corrected for column displacement rate:
Scolumn (a =1200) ~ 0.3x10-6"/sec
(r1
(bars)
515
720
1023
1227
508
694
646
620
226
7406-6*
Co urec
(bars) (x1O -6 "/sec)
T = 1600*C
1155
1365
1575
1785
0.36
0.72
1.57
3.26
T = 1500*C
1785 0.95
£o = .157"
uact = .000 + .0004"
* on axis run. Data used for deformation rate
of column.
rec
(")
.001
.003
.007
.020
.022
227
7407-1
0 rec
(bars) (x10-"/sec)
E /
(x10 -5 /sec)
T = 1600*C
158
237
395
316
237
316
237
T = 1500*C
395
553
395
474
553
1.31
2.34
8.02
1.51
4.82
1.04
T= 1600*C
237
316
395
316
237
316
395
474
1.42
3.97
8.22
3.68
1.09
3.78
8.93
45.3
= .171"
uact =.076"
rec
("I)
( )
(%)
a
(bars)
.001
.001
.005
.010
.012
.016
.017
170
169
165
161
159
156
155
0.5
1.1
3.4
5.7
6.9
8.7
9.3
0.71
1.28
13.5
4.61
0.88
2.86
0.62
157
*235
382
298
221
289
215
1.98
7.99
2.02
4.29
8.93
.021
.024
.026
.028
.030
.152
.149
.148
.146
.144
11.0
12.8
13.6
14.5
15.7
1.20
4.96
1.27
2.72
5.74
352
482
341
405
466
.031
.033
.035
.038
.039
.041
.044
.082
.143
.141
.139
.136
.136
.133
.130
.095
16.3
17.4
18.6
20.4
20.4
22.1
23.9
44.2
0.92
2.60
5.47
2.50
0.74
2.63
6.35
42.3
198
261
321
252
189
246
301
264
228
7407-2
o rec
(bars) (x1O ~"/sec)
T = 1600*C
328
246
328
246
12.4
3.83
2.08
5.38
4.29
1.25
1.02
rec
("t)
.006
.009
.016
.018
.020
.022
.026
(" It'
.125
.123
.117
.115
.1130
.111
109
-5(%) (x10 /sec)
4.7
6.2
10.8
12.3
13.8
15.3
16.9
9.20
2.89
1.65
4.35
3.53
1.05
0.87
z = .131"
c
u act ' *0229
aJ1
(bars)
316
231
219
288
283
208
204
229
7407-3
0 rec
(bars) (x10-6 "/sec)
urec
(_")
k,
("')
E C91
( (x10 5 /sec)-
T = 1600*C
192
192
320
192
192
192
192
320
320
512
320
320
192
320
448
320
2.27
1.50
7.13
1.36
1.77
1.42
1.50
7.70
8.03
8.31
51.6
9.16
7,40
7.32
1.04
6.09
21.4
17.6
4.53
3.31
.002
.003
.005
.006
.007
.009
.010
.013
.016
.017
.026
.030
.037
.039
.041
.044
.045
.050
.052
.054
.174
.173
.170
.169
. 169
.167
.166
.163
.160
.158
.150
.146
.139
.136
.135
.132
.131
.125
.124
.122
1.1
1.5
3.1
3.7
4.1
5.0
5.4
72
8.9
10.1
14.7
17.0
21.9
22.4
23.2
24.8
25.5
28.6
29.4
31.0
tz = .176"
uact = .054"
a 1
(bars)
1.31
0.87
4.19
0.80
1.05
0.85
0.90
4.72
5.02
5.26
34.4
6.27
5.32
5.38
0.77
4.61
16.3
14.1
3.65
2.71
190
189
310
185
185
182
181
297
291
288
437
266
253
248
148
240
334
319
226
220
-1
230
7407-4
a uo rec
(bars) (x10- 0 "/sec)
rec
(" I ("') (%) (xlO-5/sec)
T = 1400*C
630
900
630
630
900
630
360
540
270
450
630
810
1.58
6.42
8.55
1.76
2.06
11.2
2.66
2.76
0.49
1.84
0.24
1.16
3.40
8.68
.003
.005
.007
.008
.010
.019
.021
.023
.024
.026
.026
.027
.030
.038
257
255
253
252
250
241
240
238
237
236
235
234
232
225
0.77
1.54
2.32
2.70
3.47
6.95
7.34
8.11
8.49
8.88
9.27
9.65
10.4
13.3
0.61
2.52
3.38
0.70
0.82
4.64
1.11
1.16
0.21
0.78
0.10
0.50
1.47
3.87
, = .259"
0
= c 005
G1
(bars)
625
886
879
613
608
837
584
579
329
492
245
407
564
702
23).1
7407-5
0 rec
(bars) (xO- 6"/sec)
urec
(" ' (" 0
(%
(%)
-
(xO -5/sec)
T = 1600*C
136
136
204
340
340
408
340
476
408
340
272
204
408
544
204
0.45
0.30
2.05
0.91
1.57
1.42
3.01
1.42
1.70
7.56
8.36
4.96
2.80
3.36
1.65
0.47
8.00
17.1
37.1
0.82
2d =
0
U act
.001
.001
.001
.002
.004
.004
.007
.008
.009
.012
.014
.017
.019
.022
.023
.024
.028
.032
.036
.037
.187
.187
.186
.185
.183
183
.180
.179
.178
.175
170
.167
.165
.163
.163
.159
.155
.151
.149
0.4
0.5
0.8
1.2
2.1
2.5
3.8
4.4
5.1
6.8
7.9
9.6
10.7
12.0
12.9
13.3
15.1
17.4
19.6
20.3
0.24
0.16
1.10
0.49
0.86
0.78
1.67
0.79
0.96
4.32
4.83
2.92
1.68
2.04
1.01
0.29
5.03
11.03
24.57
0.55
.188"
= .038"
a1
(bars)
135
135
202
202
333
331
392
325
323
444
438
369
304
299
237
177
346
450
437
163
7407-6
a 0 rec
(bars) (x0- 6"/sec)
urec
("1)
A( M 5/s1
(%) (x10-5/sec) (bars)
T = 1600*C
280
280
210
210
210
350
350
280
280
420
420
210
350
280
280
210
3.62
3.38
0.96
0.76
0.75
7.37
9.14
3.22
3.08
16.2
14.0
0.80
6.09
7.37
3.29
4.96
7.08
7.51
2.31
9, =
0
U t
.006
.011
.012
.013
.014
.016
.018
.019
.021
.023
.025
.026
.027
.027
.028
.030
.031
.032
.034
.184
.179
.178
.176
.175
.173
.171
.169
.168
.166
.164
.163
.162
.161
.160
.158
.157
.156
.154
3.2
5.9
6.5
7.2
8.0
8.8
9.9
10.9
11.6
12.8
13.9
14.5
14.9
15.2
15.6
16.8
17.5
18.1
19.3
1.97
i.89
0.54
0.43
0.43
4.25
5.34
1.90
1.83
9.77
8.56
0.49
3.76-
4.57
2.05
3.14
4.52
4.82
1.50
271
263
196
195
193
319
315
250
247
366
362
180
298
297
236
233
231
229
170
.190"
= .037"
233
7407-7
a0  urec
(bars) (x10- 6 "/sec)
urec
(xl- 5/sec) (bars)( "1 )
T = 1600*C
201
268
134
268
335
268
268
201
134
201
268
335
402
469
536
335
335
402
469
1.56
6.16
0.19
3.90
8.85
3.61
3.26
0.99
0.33
0.92
2.30
4.36
9.07
16.6
26.9
25.1
3.31
2.98
2.80
2.87
4.58
7.51
6.-61
5.19
91 =
0
u t
.004
.006
.006
.008
.010
.012
.014
.015
.015
.016
.017
.019
.021
.024
.026
.029
.031
.033
.034
.036
.037
.041
.044
.048
.154
.152
.152
.150
.148
.147
.145
.144
.144
.143
.142
.141
.139
.136
.134
.132
.130
.123
.127
.126
.124
.121
.118
.115
2.3
3.4
3.6
4.6
5.7
6.7
7.8
8.2
8.6
9.2
9.9
10.7
11.9
13.4
14.5
16.1
17.2
13.5
19.3
20.1
21.0
22.9
24.9
26.8
1.01
4.05
0.13
2.60
5.98
2.46
2.25
0.69
0.23
0.64
1,62
3.09
6.53
12.2
20.1
19.0
2.55
2.33
2.20
2.28
3.69
6.21
5.60
4.51
197
259
129
256
315
250
247
184
123
183
242
300
355
405
457
450
277
273
270
268
317
361
352
343
.157"
= .042"
234
7409-4
0 rec
(bars) (x10 6"/sec)
urec
( ") (") M% (xlO 5/sec)
T = 1600*C
251 2.98 .001 .183 0.5 1.62
-- subsequent data not recorded due to steady
acceleration of Orec at constant gr --
z = .184"0
urec (total) = .016"
u act= .016"
(bars)
251
235
7410-1
0 rec
(bars) (xO- 6T /sec)
u
rec
( " )
z
(2.)
(%) (xl- 5/sec)
T = 1600*C
469
520
573
469
1.23
2.09
3.21
3.97
2.27
.001
.003
.005
.006
.007
154
.151
.145
.148
.147
z = .155"
uact '008t
(bars)
0.7
2.2
3.6
4.6
5.0
0.80
1.38
2.15
2.69
1.54
466
509
552
547
445
236
7410-2
Io urec
(bars) (X10 "/sec)
u
rec
(") ( I ) (") (x10-5 /sec) (bars)
T = 1600*C
312
354
397
354
312
1.65
2.13
3.97
7.08
9.49
6.23
6.99
8.12
5.38
zo =
u0
U t
001
002
003
005
008
010
Oli
014
016
.133
132
.131
.129
.126
.124
.123
.119
.117
1.1
1.4
2.5
3.8
6.6
7.7
8.5
11.3
12.6
1.24
1.61
3.03
5.48
7.56
5.02
5.69
6.81
4.58
309
308
345
382
371
327
323
314
273
.134"
= '017"
237
17_10-3
o rec
(bars) (xlO- 6"/sec)
rec
("1)
( _
(%) (x10-5 /sec)
T = 1600*C
398
452
510
510
398
510
2.13
3.83
6.42
5.88
6.52
2.55
6.66
9.07
.001
.003
.004
.006
.009
.010
.010
.017
.180
.178
.176
.175
.172
.170
.170
.162
z = .1811
uact * '19
(bars)
0.65
1.7
2.8
3.7
5.4
6.0
6.0
10.5
1.18
2.15
3.64
3.37
3.80
1.50
3.91
5.59
395
444
496
491
483
374
479
456
238
7410-4
0 rec
(bars) (x0- 6"/sec)
rec
( ?1) ( I ) (%) (xlO -5/sec) (bars)
T = 1600 0 C
300
362
412
300
400
450
497
300
1.75
4.32
7.08
6.09
1.94
6.23
5.67
7.79
6.94
9.44
8.36
1.35
tZ =
u0
U t
.001
.003
.005
.006
.007
.008
.010
.011
.016
.017
.021
.022
.170
.168
.166
.165
.164
.163
.160
.159
.154
.153
.149
.148
0.41
1.6
2.9
3.5
4.1
4.7
6.2
7.0
9.6
10.5
12.9
13.1
1.03
2.57
4.27
3.70
1.19
3. 8
.3.54
4.91
4.50
6.18
5.63
0.91
299
356
400
398
288
381
375
419
407
445
433
261
.171"
= .022"
239
7410-5
a0  Urec
(bars) (xl0-6"/sec)
u
rec
( i ) () (x10- 5 /sec) (bars)
T = 1600*C
300
401
347
301
2.83
10.4
5.48
6.33
3.73
.001
.007
.008
.010
. 011
.174
.167
.166
.165
.163
0.64
4.7
5.1
6.0
6.9
1.63
6.23
3.30
3.85
2.29
0 = .175"
uact 
= .012"
298
382
329
326
280
240
7410-6
a u
0 rec
(bars) (xlO- 6,/sec)
T = 1600*C
302
402
452
348
T = 1600*C*
402
452
1.35
5.10
3.22
5.76
1.70
5.67
3.03
7.37
urec
(I ")
.001
.003
.005
.008
-009
.012
.014
.018
(
.147
.144
.142
.139
.138
.134
.133
.128
Sz a1
(%) (x10-5/sec) (bars)
0.49
2.5
3.4
5.9
6.4
2.6
3.7
6.8
0.92
3.55
5.78
4.16
1.23
301
392
436
425
326
4.26
6.09
5.78
391
435
421
0. = .147"
uact = .020"
241
7410-7
0 rec
(bars) (x10-6"/sec) ("I) ( to ) -5CO) (XlO /Sec)
T = 1600*C
322
421
373
322
276
373
2.62
8.93
11.9
7.37
8.22
5.24
5.53
3.26
3.59
10.6
.001
.002
.007
.008
.010
.011
.012
.013
.014
.016
.152
.151
.146
.145
. 143
.142
.140
.140
.139
.137
0.93
1.6
5.1
5.4
6.5
7.0
8.4
8.8
9.3
10.7
z = .153"
Uact = .016"
a 1
(bars)
1.73
5.93
8.19
5.08
5.74
3.68
3.94
2.33
2.58
7.75
319
414
399
353
349
300
295
252
250
333
242
7411-1
0 rec
(bars) (x10 -6"/sec)
rec
("i) ("f) (%) (x10-5/sec) (bars)
T = 1600'C
391
335
437
335
386
253
5.74
2.69
9.92
12.6
4.53
5.38
10.5
2.69
.003
.004
.005
.010
'010
.012
.014
.016
.147
.145
.144
.138
.138
.136
.134
.132
2.0
3.1
3.6
7.6
7.9
9.2
10.7
11.7
3.92
1.85
6.88
9.12
3.29
3.96
7.86
2.04
to = .150"
uact = .018"
383
325
421
404
309
304
345
223
243
7412-1
u
r ec
AZ 9 z
(bars) (x0- 6"/sec) (")
T = 1600*C
252
251
253
251
4.11
4.53
.0002
.0008
.003*
(")
.155
.154
.139
% t e
(%) (sec) (x10- 5/sec)
0.12
0.51
2.88
30
.011* .117 8.26
2.67
2.65
3.19
x .155"0
.0005",
** sample reoriented by 5*; data not recorded.
Run
(1)
(2)
(3)
(4)**
7412-2
o rec
(bars) (xlO- 6"/sec)
400
600
800
U
rec
("1)
E
( ff ) (%) (x10-5/sec) (bars)
T 1580
5.74
21.5
17.5
9.07
8.22
25.5
11.1
.003
.011
.012
.020
.021
.022
.029
.060
.052
.051
.044
.043
.042
.036
3.9
15.7
17.5
29.2
31.1
32.1
41.8
9.65
41.1
34.3
20.7
19.3
60.7
30.8
z = .062"
uact = .026"
y1
384
506
495
425
413
543
465
245
7501-3
a
rec
(bars) (x10-6 "/sec)
urec
( is ) (%) (x10-5/sec) (bars)
T = 1350*C
877
710
877
710
3.90
4.04
5.53
2.05
2.69
8.50
9.35
4.68
.001
.003
.005
.005
.007
.007
.009
.010
.165
.162
.160
.159
.157
.157
.156
.155
0.46
1.9
3.5
3.7
4.9
5.1
5.8
6.5
T = 1200*C
877 1.17 .010 .154 7.0
Y, = .166"
uact = .012"
2.37
2.49
3.46
1.29
1.71
5.42
6.00
3.03
873
861
846
683
675
832
826
664
0.76 816
246
7501-4
(bars) (") ( i
t k
-5() (sec) (xlQ /sec)
T = 1350 0 C
.00005 .166 0.03
.0001 .166 0.09
.0002 .165 0.21
i = .166"
Run
(1)
(2)
(3)
778
779
776
45
60
60
0.50
0.81
1.62
247
7501-5
a0 
(bars)
T = 1600*C
A t
(I,
k
(")_
.0006 .180 0
.0005 .-179 0
(%) (sec) (x10-5 /sec)
.33 150 2.02
.61 150 1.69
0r urec
(bars) (xlO- 6"/sec)
484
393
333
4.46
7.37
4.39
6.23
3.97
7.08
urec
.001
.004
.005
.006
.006
.010
( " )
.177*
.174
.173
.171
.171
.166
Et - c a
(M) (xl0- 5/sec) (bars)
1.6
3.3
3.8
4.8
5.0
8.0
2.52
4.24
2.54
3.64
2.32
4.28
479
471
380
377
318
308
k0 = .180"
* .001"1 ground off ends of sample prior to run (3).
Run
(1).
(2)
477
478
Run (3)
248
7501-6
Run A. 0 c t
(bars) (") (") (%) (sec) (x10-5 /sec)
T = 1600*C
(1) 352 .0029 .193 1.5 60 20.0
t = .196"
249
7501-7
o rec
(bars) (x10- 6 "/sec)
urec
(i )
z C
(%)_ (x15 /sec)
T = 1600*C
315
420
525
735
630
840
3.75
9.35
7.51
12.7
7.93
28.3
21.0
12.2
6.52
4.53
10.8
6.23
3.40
.004
.005
.011
.013
.020
.021
.027
.035
.035
.039
.040
.048
.053
.107
.107
.101
.100
.094
.092
.087
.080
.080
.077
.076
.069
.064
3.3
3.8
5.4
7.1
15.8
16.9
21.8
27.8
28.3
31.6
32.1
38.1
42.4
z = .111"
uact = .047"
Ul
(bars)
3.51
8.79
7.35
12.8
8.52
30.8
24.3
15.3
8.22
5.94
14.4
8.94
5.33
305
404
388
471
442
611
575
531
452
435
571
530
484
250
7501-8
0 rec
(bars) (xlO-6 "/sec)
rec
(")
e z
( i )
C2,
-5(%)(xiO /sec) (bars)
T = 1600*C
420
600
780
900
900
1020
1140
2.93
4.11
3.54
7.93
5.1
8.78
5.67
3.68
3.40
5.38
2.41
4.68
2.27
1.91
.001
.002
.004
.005
.010
.010
.014
.019
.021
.022
.029
.029
.035
.038
.111
.111
.109
109
.105
.105
.102
.098
.097
.096
.092
.091
.087
.085
0.87
1.3
2.6
3.0
6.1
6.5
9.1
12.1
13.4
13.8
18.2
18.6
22.5
24.2
2.63
3.71
3.24
7.28
4.83
8.36
5.55
3.73
3.50
5.56
2.62
5.12
2.61
2.24
tz = .112"
uact = .027"
416
592
584
756
732
842
818
791
779
879
835
928
884
864
251
7506-1
0 urec
(bars) (x0- 6"/sec)
U
rec 2.
("')
E z
(%)
e
(xl- 5/sec)
T = 1600*C
231
385
308
385
231
308
3.49
19.8
7.56
6.89
15.1
13.0
1.79
4.32
3.68
.003
.010
.015
.018
.021
.023
.024
.027
.029
.125
.119
.114
.112
.108
.106
.105
.103
.101
1.99
6.98
11.0
13.0
15.5
17.0
18.0
19.4
21.4
k = .128"
uact = .027"
01
(bars)
2.80
16.7
6.68
6.23
14.1
12.3
1.72
4.22
3.69
224
358
274
268
325
320
190
248
242
252
7506-2
o0 Urec
(bars) (xlO -6" /sec)
urec
(") (%) (x10 '/sec) (bars)
T = 1600*C
180
270
270
350
2.23
5.95
4.39
3.68
11.2
9.26
8.27
6.80
7.29
.002
.004
.009
.011
.016
.020
.025
.030
.038
.108
.107
.102
.101
.096
.093
.089
.084
.078
to = .110"
uact = .032"
("? )
1.83
2.88
7.06
8.63
12.3
15.4
19.1
23.3
29.0
2.07
5.57
4.30
3.66
11.6
9.96
9.30
8.06
9.353
177
262
251
247
307
296
283
269
248
253
BIOGRAPHICAL NOTE
William Bryan Durham was sired, by George, out of Shirley
on May 20, 1947 in Ithaca, New York. He attended public
schools in Penfield, New York. From 1965 to 1969, he attended
Cornell University and graduated with a B.S. in Engineering
Physics.
He began study in the Department of Earth and Planetary
Sciences at MIT in 1969, but by virtue of the date written
above, was invited to suspend his studies after one year to
take a two-year position with the United States Army. He
accepted and served a thirteen-month tour of duty with the
Second Infantry Division in the Republic of Korea where he
drove trucks, worked as company clerk, and managed to pick
up a little Korean. He returned to MIT following his
release from active duty in January, 1972.
